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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1997 at 
Brookhaven National Laboratory. It is funded by the “Rikagaku Kenkyusho” 
(RIKEN, The Institute of Physical and Chemical Research) of Japan. The Center is 
dedicated to the study of strong interactions, including spin physics, lattice QCD, 
and RHIC physics through the nurturing of a new generation of young physicists. 

During the first year, the Center-had only a Theory Group. In the second 
year, an Experimental Group was also established at the Center. At present, there 
are seven Fellows and eight Research Associates in these two groups. During the 
third year, we started a new Tenure Track Strong Interaction Theory RHIC Physics 
Fellow Program, with six positions in the fast academic year, 1999-2000. This 
program has increased to include ten theorists and one experimentalist in the 
current academic year, 2001-2002. Beginning this year there is a new RIKEN Spin 
Program at RBRC with four Researchers and three Research Associates. 

In addition, the Center has an active workshop program on strong interaction 
physics with each workshop focused on a specific physics problem. Each 
workshop speaker is encouraged to select a few of the most important 
transparencies from his or her presentation, accompanied by a page of explanation. 
This material is collected at the end of the workshop by the organizer to ‘form 
proceedings, which can therefore be available within a short time. To date there are 
thirty-four proceeding volumes available. 

The construction of a 0.6 teraflops parallel processor, dedicated to lattice 
QCD, begun at the Center on February 19, 1998, was completed on August 28, 
1998. 

T. D. Lee 
August 2,200l 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH 10886. 

i 



CONTENTS 

Preface to the Series.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i 

Introduction 
N. Saito, T-A. Shibata, & K. Yazaki.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Probing the Nucleon with Hard Processes: an Introduction 
X.-D. Ji . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

1 

3 

Experiments of Deep Inelastic Scattering 
W.-D. Nowak.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Spin Structure Functions in the Chiral Quark Soliton Model 
M. Wakamatsu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Spin Physics at RHIC 
G. Bunce... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Physics of Proton-Antiproton Collisions at Tevatron CDF 
F. Ukegawa.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Heavy Quarkonium and QCD 

. . 

. . . . . . . . 

. . . . . . . . . f . . . . . . . . . . 

H. Fujii . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Organization of the School 

365 

407 

List of the Students of the School 408 

Program of the School 409 

Photos 

Additional RIKEN BNL Research Center Proceeding Volumes 

Contact Information 

63 

163 

207 

271 



Lecturers 
?i.-D. Ji (Maryland) 

H. Fujii (Tokyo) 
M. Wakamat.su (Osaka) 

W.-D. Nowak (DESY) 
G. Bunce (BNL/R.BRC) 
F. Ukegawa (Tsukuba) 

“Probing t.he nucleon witah hard processes: an 
introduct.ion” 
‘iHea\->- quarkonium and QCD” 
“Spin structure funct,ions in t.he chiral quark soliton 
model” 
“Experiments of deep inelastic scat,tering” 
“Spin physics at RHIC” 
“Physics of proton-antiproton collisions at. Tevat,ron 
CDF” 

l’i students att,ended the school and act,ively participakd in the pr0gra.m. The lectur- 
ers ga.ve excellent courses which were both pedagogical and inspiring. They also attended 
the evening sesseions and were kind enough to respond to any questions asked either 
during the sessions or in smaller circles. 

Profs. T. Hatsuda and J. Kodaira volunteered to he senior tutors of the school helping 
students in understanding the lect.ures and organizing “late evening sessions” for chut,ter- 

Introduction 

The RIKEN School on ‘*Quarks. Hadrons and Nuclei - QCD Hard Processes and the 
Nucleon Spin” was held from December 1st through 5th at NASP,A New Ohtani. Yuzawa. 
Kiigata. Japan. sponsored by the RIKEX Accelera,tor Research Facility. The school wa.s 
intended to be the first of a new series with a hroa.d perspective of hadron and nuclear 
physics but was also mea.nt to be a continuation of the previous two schools on QCD hard 
processes which had been held in 1996 and 1998. 

The purpose of the school was to offer young researchers an 0pport.unit.y t,o learn the 
exciting physics associated with hadrons and nuclei based on QCD in general and the 
structure of t.he nucleon probed by QCD hard processes and modeled by effective theories 
in particular. The subjects discussed in the school cover t.heoret,ical and esperiment,al 
aspects of the hard processes and the nucleon st.ructure funct,ions. st.a.rt,ing from t,he basics 
of the perturbative QCD. 

We had 2 basic courses, one t3heoret3ical and one experimental, each consisting of 3 
one-hour lectures? 4 topics courses each consisting of 2 one-hour lectures and 2 evening 
sessions for Qk.4 on the lectures and short talks by students. The list of the lecturers 
together wit,h the titles of their lectures a.re given below. 



ing in relaxed atmosphere. The young tutors, Drs. N. Ishii, Ii. Naito and Y. Yasui: also 
helped students during the lectures and the discussion sessions. 

An excursion to Naeba skiing area was organized on the 3rd day in the afternoon and 
some of lecturers, students and organizers enjoyed early season skiing. 

At the end of the school, we asked the students a.nd the lecturers to write their opin- 
ions about the school. The responses were all positive. The students were satisfied by 
the well-prepared lectures, stimulating discussions with the lecturers and the nice envi- 
ronment, while the lecturers also enjoyed talking to students and pleasant atmosphere. 
The students wanted. to have this kind of school regularly, every year if possible. The 
school is now planned to be held every two years but we are considering the possibility of 
organizing mini-schools in intermediary years. 

We are grateful to the RIKEN Accelerator Research Facility for the generous financial 
support which enabled us to organize this school. The school was held as an activity ’ 
related to the collaboration with the RIKEN BNL R.esearch Center and we thank the 
director of the Center, Professor T.D. Lee, for general support. We also thank the mem- 
bers of the International Advisory Committee for suggesting lecturers and giving us useful 
comments. We are obliged to the lecturers, the tutors and the students for making the 
school exciting and fruitful. 

Special thanks are due to Ms.Yoko Kishino who did most of the administrative works 
and took care of drinks and snacks during the coffee breaks and the evening sessions. Last 
but not least, we thank NASPA New Ohtani for their excellent service and comfortable 
atmosphere. 

Naohito Saito, Toshi-Aki Shibata and Koichi Yazaki 

RIKEN, 
August, 2001 
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Probing the Nucleon Structure in High-Hnergy Processes 

Xiang-dong Ji 
University of Maryland 

Summary 

Lecture 1: Nucleon Physics and QCD 

Summary: In this lecture, I first discuss why studying the nucleon 
structure is important and explain various recent experimental 
efforts in the field. Then I discuss a brief history of nucleon 
physics which led to the advent of quantum chromodynamics (QCD). 
Following this, I explain some salient features of QCD: chiral 
symmetry, asymptotic freedom, and color confinement. In particular, 
I consider the aspects of QCD as strongly-coupled quantum field 
theory. Finally the physical significance of renormalization is 
explored. 

Lecture 2: High-Energy Probe of the Nucleon Structure 

Summary: In this lecture, I start with a discussion of factorization 
theorems for various high-energy scattering processes. Then I focus 
on deep-inelatic scattering (DIS) as a special example. I introduce 
the light-cone.coordinates and the collinear expansion. The leading- 
order handbag diagram is calculated in perturbation theory. The 
result can be expressed in terms of quark light-cone correlation 
functions. The corrections to the handbag include longitudinal gluon 
scattering, QCD radiative corrections, and higher twist contributions. 
The final result is a leading-twist factorization formula for DIS. 

Lecture 3: The Nucleon Spin and Quark Orbital Motion 

Summary: I start with an historical introduction to the studies of 
orbital motion. Then I explore the question what do we know about 
quark orbital motion in the proton. Following this, I consider quark 
orbital observables in the infinit momentum frame. Finally, I show 
how to probe the quark orbital motion in Compton scattering and to 
calculate relevant observables using lattice QCD. 
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X iangdong Ji 

l Historical Introduction 

l What Do We Know About Quark 
Orbital Motion in the Proton? 

l Quark Orbital Observ&bles in the 
Infinite Momentum Frame 

l Probing Quark Orbital Motion in 
Compton Scattering 

l Studyirig Quark Orbital 
Observables in Lattice QCD 
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Johannes Kepler (15714630) 

“By the study of the orbit of Mars, we 
must either arrive at the secrets of 
astronomy or forever remain in 
ignorance of them” 
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Niels Bohr (18854 962) 

“ It could be that I’ve perhaps found out a 
little bit about the structure of atoms. You 
must not tell anyone about it. ” 

Letter to his brother, 19 12. 
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What Do We Know About 
Quark’s Orbital Motion 

In a Proton? 

l The proton has three valence quarks: two 
ups and one down. ~ 

l Since Jp=1/2+, assuming there is nothing 
else 

S= 112,312 3 L=O,2 
l Most of the quark models allege the 

dominance of L=O over L=2. 

IF) = 0.9 I”S,) - 0.34 ps> 

- 0.27 I”Shl) - 0.06 121),, ) 

(Isgur & Karl, ‘78) 

l Is the quark orbital motion really 
spherically-symmetric? 

37 
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1. Magnetic Moment 
l Orbital motion of charged particles 

contributes to the magnetic moment: 
p=g,S+g,~ 

l Proton’s magnetic moment was first 
measured in by. 0. Stern in 1932. c”o~$~Y) 

pp = 2.913 pN ( = eW2m,c ) 
l How much of this is from the quark 

orbital current? ef 
IJP = 

2(mN /3)c 

This can be interpreted as-entirely from 
a quark with mass in,/3 and L=O! 

. clalx!ats: 

l pp can also be explained with L;tO. 
l For a relativistic particle, p # g, S + g, c 

l Beside valence quarks, there are many 
quark-antiquarks pairs (sea quarks). 

38 



2. N+A Electromagnetic Transitions 

l The electromagnetic transitions are 
known to provide useful information 
about the orbital motion of charged 
particles. 

Angular distribution 01. plmtm intensity 
and polarization in the 213 3 1 s 
Lyiiim transition in ‘1 I atom. 

l A is an excited state of the proton with 
spin J=3/2. When it makes a transition to 
the proton, it emits electric quadrupole 
(E2) & magnetic dipole (Ml) radiations. 

l Experimentally, the E2/Ml transition 
ratioB is foumd to be 2~3%. 

l The data seem to favor small L=2 
components in the proton and A wave 
functions. But the caveats in explaining 
the magnetic moment also apply here. 

39 



3 .’ Form Factors: 
l In elastic electron (‘photon) scattering on 

a system, one can measure the spatial 
distributions of the charged particles - 
Form Factors (or Structure Sactor) 

~~ (4) = Jp(F)eiq”d3if 
e.g. The struct&e of crystals (Bragg, Laue) 

l The charge form factor of the nucleon 
has been measured in the 50’s by 
.Hofstadter et al. (Nobel Prize, 1961) 

l Because the nucleon is J=1/2, there is 
only one charge form factor which is 
spherically symmetric and does not 
distinguish L=O, 2. A quadrupole form 
factor has AJ=2 and is forbidden by the 
Wigner-Eckart theorem. 

l For J+O target, there is the magnetic 
form factors F,(q) which measures the 
current density distribution. 

40 
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4. Momentum Distribution: 

l In high-energy knock-out scattering, 
under certain conditions, the scattering 
probability depends on the density of 
particles with fixed momentum k, 

n(c) =I Jeiq”v(f)d3T [ 
e.g. The momentum chtribuhn of 4+-k 

atoms in liquid helium has been 
obtained from neutron scatteri ng, 

? Quark momentum distributions q(x) in 
the proton have been measured in high- 
energy scattering for over 30 years. 

What the physics of q(x)‘? (R P:Feymun) 
m Imaging the nucleon is moving with 

P+ w along the z-direction. 

n q(x) is the density of quarks with momentum 
k,= xP, and arliitr;w h , =( I(,, l+ ) . 

No clear orbital inhrtnation can be 
obtained from data on q’(s). 

42 
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Indirect info about the quark 
orbital ,motion from 

Polarized deep-inelastic scattering: 

Measure the polarized quark distribution 

AC@) = q+(x) - q-(x) 

where CL(X) is the density of quarks with the 
spin aligned in and opposite to the spin of 

jdxc Aq(x) =AIZ 
0 Q 

The data from last ten years: AC=O.2*0.1 

44 



pmton 

9 HERMES I 
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l 70% of the proton spin is in (either the 
orbital motion of the quarks or gluon! 

Theoretical argumer?ts that the orbital 
ang. lnoln. might be important: 
- Quarks are relativistic. The lower 

component of the Dirac wave function is 
important; it is ap-wave. 

- When a quark is split into a quark plus a 
gluon, the angular momentum 

. conservation implies that the quark and 
gluon obtain orbital angular momentum. 

46 



l Quark Angular Momentum Distribution: 

4J($x) = I+) -I- Aq(x)l’L 

47 



a The fraction of the proton spin carried 
in quark orbital ,lnotion, 

idxL,(x) = L, ’ 
0 

l The fraction of the proton spin carried 
in quarks 

idxf,(x) =‘J, 
0 

- Total quark angular momcn3--. 

s ‘q t,+AZ/Z 

l Sum rule for the spin structure of the 
nucleon, 

J, is the angular momenhtum of the gluons. 
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Ild ) xxn-~J‘,bo = J‘j,, 
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l The quark angular momentum distribution is 
found to be measurable through virtual 
Compton scattering. 

l In the special kinematic hit, Q2+q V-W, 
and the ratio stays fixed (Bjorken limit), the 
scattering is through just a single quark. 

l Deeply-virtual Cotnptot~ scattering 
(I>VC=S) X. 3, P&I.78.6IO 0997). 



l In the single quark scatterin.g, the 
virtual photon hits a quark with 
transverse momentum. The scattered 

. quark carries the inforlnation of the 
initial state. 

l When the scattered quark radiates a 
real photon, the polarization a.nd 
angular distribution of the radiation 
depends on the initial as well as final 
quark states, the latter must return to 
form a recoiling proton. 

* The radiation pattern contains the 
information about quark orbital 
motion. 



. ZEUS Detector at HERA, Hamburg 
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HI Detector at HERA 
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l Jefferson Lab at 6 and I2 GeV 
- Measuring DVCS and Bethe-Heitler 

interference 

l COMPASS experiment at CERN 
- To build a special recoil detector 

l ELFE (European Lab for Electron) 
- 25-50 GeV high-intensity polarized 

electron beam, L = 103” and above. 
- Special detector for exclusive production. 

l eRHIC and/or EPIC in USA 
- Electron-hadron collider at high 

luminosity (L=l 033). 
- Under consideration for the 5 year plan 

in Division of Nuclear Physics. 
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Studying quark orbital motion 

in lattice QCD 

l Quantum cbomodynamics (QCD) has been 
established’as the fundamental theory of ~ 
strong interactions. 
- F. Wilczek, Physics Today, August, 2000. 

l To understand the structure of the proton, 
one need solve QCD in the strong coupling 
region. The only way we know how to do ._ 
this is latiiF& QCD. 

l Lattice hadron physics Collaboration 
‘* (LHPC) is the ltigest collaboration in.the 

world with th&goal of 
Solving the structure of hadrons using 

Teraflop-scale computers. 
Understanding the orbital motion of quarks 

is an important part of the research 
program.. ~ 

. 

i ---- 

.  .  _ . , .  
.  . I  .  .  .  
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. Step 1: 
Write the matrix elements of any operator 

between hadron states as Ftvnman path 
integrals. (00~ ordinary integrals) 

. Step 2: 
Rotate the integrals related to the time 

variable to imaginary axis (Euclidean 
space), so that the integrals become real. 

l Step 3: 
Approximate the continuum spacctirne as a 

set of discrete lattice points in a finite 4- 
dimensional box. (e. g. 324) 

. Step 4: 
Evaluate a large number (~32~) of integrals 

using the Monte Gwlo mcthotf. 
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N. Mathur et al., f-Iep-ph/90 I2289 

l Lattice Parameters: 
- 163~24 lattice with /3=6.0 
- Wilson quark with m,=2 10,124,80 MeV 

l Lattice and Physical Observables: 
- Calculate ‘three-point correlation 

functions involving the proton current 
and quark’s stress-energy tensor. 

- Extract elastic form factors of the stress- 
energy tensor in the proton. 

l Result: ’ 
- Dipole fit to get result at.q2=0. 
- Extrapolate to m,=O limit. 

‘4, = 0.Jw5-0.~P7 --3 I p. 1 7 M.07 

Quark orbital momentum is significant! 
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The Momentum & Spin Structure of the Nucleon 

- A Challenge for Several Generations of Experiments - 

Wolf-Dieter Novak i - DESY Zeuthen 

RIKEN Winter School, Yuzawa!Japan, Dec. 2-5, 2000 

Abstract 

The 1st lecture is devoted to the history of Deep Inelastic Scattering (DIS) over the 
last 25 years. After an introduction to DIS kinematics main results achieved in often 
pioneering DIS experiments at SLAC, FNAL, CERN and DESY are discussed. At 
every step in history it is demonstrated to what extent the development, of theo- 
retical ideas (Quark-Parton model, Quantum Chromodynamics) was stimulated by 
the experimental results. The lecture is concluded by introducing the only presently 
running experiment studying the spin structure of the nucleon - HERMES at DESY. 

The 2nd lecture describes the main results obtained at HERMES on the spin struc- 
ture of the nucleon in the last few years. An inclusive analysis of 1997 proton data 
taken with both beam -and target polarized shows a scaling behaviour of the spin 
structure function g very similar to that of the unpolarized structure function Ff. 
A flavor separation, based on a semi-inclusive analysis of the 1997-2000 data, led to 
fairly precise data on the polarized U- and d-quark distributions. A first indication 
for a positive polarized gluon distribution is obtained from an analysis of pairs of 
high-p, hadrons representing the photon-gluon fusion subprocess. Finally? prospects 
are discussed on the planned future measurement of the u-quark transversity at 
HERMES in conjunction with the polarized fragmentation function. 

The 3rd lecture looks into the long-term future of DIS. A promising project. TESLA- 
N, is discussed as the possible ultimate future experiment to measure very precisely 
the different polarized parton distributions that characterize a polarized nucleon. 
The experiment would utilize high-rate polarized electrons accelerated in one arm 
of the planned linear collider TESLA and hitting a stationary polarized target. An 
envisaged integrated luminosity of 100 fb-i per effective year would allow for a 
precision mapping of the (Q’, x)-dependence of both quark helicity and transversity 
distribution functions as well as of the polarized gluon distribution function. The 
axial and the tensor charge of the nucleon would be determined with accuracies on 
the percent level. 
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THE MOMENTUM & SPIN STRUCTURE 

OF THE NUCLEON 

A CHALLENGE FOR SEVERAL G.ENERATIONS 

OF EXPERIMENTS 

WOLF-DIETER NOWAK-. DESY ZEUTHEN 

RIKEN WINTER SCHOOL 
YUZAWA/JAPAN,DEC. 2-5,200O 

LECTURE 1: DEEP INELASTIC SCATTERING AT 
SLAC, CERN, FN.AL & DESY 

LECTURE 2: HERMES RESULTS ON THE SPIN 

STRUCTURE OF THENUCLEON 

LECTURE 3: TESLA-N -THEULTIMATE 
FUTURE EXPERIMENT ? 
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DEEP INELASTIC SCATTERING 

’ AT SLAC, FNAL, CERN & DESY 
- FOUR GENERATIONS OF EXPERIMENTS - 

WOLF-DIETERNOWAK - DESY ZEUTHEN 

RIKEN WINTER SCHOOL, LECTURE 1 
YUZAWA/JAPAN, DEC. 2, 2000 

l DIS KINEMATICS 

l DIS AT SLAC, FNAL & CERN 
- A HISTORICAL OVERVIEW - 

. THE HERMES EXPERIMENT AT DESY 

65 



INCLUSIVE ANALYSIS OF POLARIZED 
DEEP INELASTIC SCATTERING 

d2a a2 E 

dS2 dE’ = 21WQ4 E’ 
- LpvW/“” 



DIS VARIABLES 

FRACTIONAL ENERGY OF SCATTERED LEPTON 

OBSERVED HADRON: y* ENERGY FRACTION 

INCLUSIVE CROSS SECTION: 2 INDEPENDENT VARIABLES 

(OUT OF u,Q2,w2,x,y). 

VARIABLE X: RELEVANTFORSEMI-INCLUSIVE ANALYSIS. 

STRUCTURE FUNCTIONS, E.G. F1.o~ 91, USUALLY 

GIVEN.AS F'UNCTIONS OF x AND Q2. 
67 



1st Generation of DIS Experiments 

4960 : Hofstadter et al. ep + ep, eN + eN 

ael (Q2> : the proton is not point-like. 

1 

I 

I I I , 
1 1 1 I 

0.1 

1967-72 : first generation of deep inelastic 

scattering (DE) experiments 

SLAC : ep(d, N) + eX 1 5 EC0 5 20 GeV 

1 5 Q2 5 20 GeV2 

I 
CEO.5 

I I I I 
- - 

Most important result: Scaling of 2A4TV&, Q2) and 

uW2(u, Q2) versus x = Q2/2Mv. 
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Pioneering SLAC Experiments 

PHYSICAL REVIEW LETTERS 

OBSERVED BEHAVIOR OF HIGHLY LNELASTIC ELECTROK-PROTON SCAT-TERDJG 

M. Brcidenbach. 3. I. Friedman, and Ii. W. Kendall 
Dcpar%ncct of Physics and Waratory for Suclear Science.’ 

hlassxhusrrrs Ir>t~futr o: Technolo&y, Cambri~e, Mcxx~chusctts 02135 

and 

E. D. Bloom, D. H. Courard, H. DeStaebler, J. Drees. L. W. MO. and R E. Taylor 
Stanford Liccsr Accelcrntor Ccntcr.* Stanford, Califorma 91305 

fllcccivcd 22 Au&N. 196S) 

Results of elcctmn-proto: lnc;astlc scatkrmg at 6’ and ll?’ ‘arc discussed. and values 
of the strxturc function :L’r arc cstimntcd. L’ the inkraction is domiarded by transvcrsc 
vu-ruai photons, VU; can k cxpresscd as a function of u‘ = 2%; viq* within experimental 
c:mn for q2 > 1 (Ge\eJ’c12 3nd or r4, whrc v is tbe lnvariznt energy trsnsfcr and If is 
the invsrkan: moncntum transfer of the elcctrcc. Various tbeorctical models and sum 
ruies arc briefly discussed. 

In a previous Letter,’ we have reported experi- 
mental results from a Stanford Linear Accelera- 
tor Center-Massachusetts Institute of Technol- 
ogy study of high-energy inelastic electron-pro- 
:on scattering. Measurements of inelastic spec- 
tra, in whkh only the scattered electrons were 

detected, were made at scattering angles of 6” 
and IO” and with tncident energies between 7 and 
17 GeV. In this communication, we discuss some 
of the salient features of inelastic spectra in the 
deep continuum region. 

One of the interesting features of the measure- 
ments is the weak momentum-transfer depeo- 
dence of the inelastic cross sections for excita- 
tions well beyond the resonance region. This 
weak dependence is illustrated in Fig. 1. Here 
we have plotted the differential cross section di- 
vided by the Mott cross section, (d%.IdsldE’)/ 
(do /dfO m:i , as a function of the square of the 
four-momentum transfer, $5 2EE’(l-cos@), for 
constan: dues of the invariant mass of the re- 
coiling target system, u’, where I%-= W(E-&‘I 
-ZJ’ -.$. E is the energy of the incident electron, 
E’ is the energy of the final electron, and 0 is 
the scattering angle. all defmed in the labora- 
torp system; .IJ is the mass of the proton. The 
cross section is divided by the Mott cross sec- 
tion 

in order to remove the major part of the Well- 
lmown four:momentum transfer dcpcndcnce aris- 
ing from the photon propagator. Results from 
both 6” and 10’ are included in the figure for each 
value of W. As W Increases. the $ dependence 
appears to decrease. The striking difference 

between the behavior of the inelastic and elastic 
cross sections is also illustrated in Fig. 1, where 
the elastic cross section, divided by the Mott 
cross section for 8 = lo’, is included. The 8 de- 
pendence of the deep continuum is also consfder- 
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Interpretation of the SLAC Data 

1968 Bjorken : Scaling Hypothesis 

W(Q2, 4 --+ E(x) 
Q=/Vl+CG 

u+co 
finite . 

1968 Feynman : Parton Moiel 
Partons: charged, point-like, 
no self-interaction 
parton S E Bjorken x 

k 
a 

c 
Kuti/ : Quark-Parton Model 
Weisskopf parton number density 4;(x) 

parton momentum distr.xqi(x) 
nucleon structure function 

Fz(4 = xi $xqi(x) 
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Structure Function I$ in Principle 

El 
II3 X 

B 
F 

2 

b 

cl C 
F2 

q A 3 quarks without interaction . 

rl B with interaction in the form of gluons 

rl C also with small x contribution from sea quarks 
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QPM: Proton in SU(6) 

Simple quark model: nucleon consists of three 
valence quarks. . ’ 
+ introduce SU(6) wave functions as product of 
flavor SU(3) and spin SU(2): 

-+ calculate baryon magnetic moments: 

39 

3 

25 

2 

1.5 

1 

05 

0 

L 
0 0 

m 
p?EL-] 

0 0 
6 

0 ci 
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2nd Generation of DIS Experiments 

1972-77 : second generation of deep inelastic 
scattering (DIS) experiments 

FERMILAB : pp(d, N) -+ ,xX 100 < I30 < 150 GeV 
1-C G2 <iO GeV2 - - 

. _ . _ - _ , , _ . 
ru 0.42 i 1-0.X) 

0 2 4 6 8 10 I2 w t6 
c?(d) 

0.64 

0.03 

I 
on;.. 

0 2 4 6 8 IO 12 14 16 

ot ku~) 

Most important result: Fi(x) + Fi(xy Q2) 
+=- small violations of scaling behavior 
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Begin of the QCD. E,ra 

1973 : Quantum ChromoDynamics’(QCD) 

a, = as(Q2) N 1/ In 

running coupling constant 

interaction 

fundamental fields 

gauge field 

coupling to 

renorm. group 

Q 2+oo 
w 

Q” + 0 
w 

QED 
electromagnetic- 

leptons 

%X~,%,%, &- 

photon y 

electric charge 

- 
t 4Q)+-. 

a(Q”) -+ 0 

74 

strong 

quarks 

u, d, s, c, t] b 

gluons g 

color charge 

SU,” 

QCD 

m(Q’) + 0 
asymptotic freedom 

perturbative QCD 
1 

a(Q’) -+ ? 
confinement 

lattice QCD 



Illustration of QCD Processes 

Gluon Bremsstrahlung 

At Q; >> Ql: 

More (less) partons 
with smaller (larger) 
momentum. 
* 
‘Shrinking’ of all the 
parton distributions 

Gluon -+ Quark Pair 

Fig. shows it for 
Fz = xi efxqi(x) 
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3rd Generation of ‘DIS Experiments 

1978-1990 : third generation pf deep inelastic 
scattering (DIS)’ experiments 

CERN : ,up(d,iV) + ,~LX 100 < Eo < 280 GeV 

(EMC, . 1 < G2 < 280 GeV2 - - 
BCDMS) 

Most, important results: Measurements of F2, R, 
&-J~JJ (first quantitative QCD tests) 

Also at CERN: vN + vX, vIV + DX 
Experiments: CDHS,CHARM,BEBC,Gargamelle 

Results on F2 1 

QPM 
xF3; R, hQcD, g(x), C&(X), 4;(X), 
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EMC Forward Spectometer (NA2) 



. 
+ 

‘W
 09

 



Kinematic Plane 

x 

0 
z P 9 0 

P 6, in 



1983: Quark Spin and Transv. Mom. 

0 : Fl EO *R+OO 
QPM: quark spin = I 

2 : F 2 = R = 2xFl a 4M2x2/Cj2 

kT#o : R= 4(@) Q 2 

FQCD 
--- diquork 

00 02 04 06 aa 19 

QCD LO. :R =o 

QCD NLO : R N a.,(Q2) 

SLAC (1979-83): 

1 5 Q2 5 18 GeV2 

QPM + QCD + 
diquarks (T = 4) ok 

R I I 

3E- 
1 

-0CD :!x(pd 1 EMC . . 

00 0.1 02 0.3 

x 

.EMC (1983): 

(Q2) N 55 GeV2 

QPM: R = 0 
QCD(NL0) : 

_ x > 0.2 R z 0 ok 

x < 0.2 R > 0 , open 

Results: (1) quark spin = l/2 
(2) QCD prediction is compatible 
(3) (kg) 5 0.5 GeV2 
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1982: Quark Charge l/3 or 1 ? 

FPN 
QPM: F;N = 

& for e2, = 4/9 

2 
1 

for e2, = e$ = 1 

1982: EMC (pFe) vs. CDHS (vFe): 

ei = l/9 

1.0 ; 

0.4 - 

Ol- 

. l o 

0.3 - l o 

0.2 - 

0.1 

0 05 

ISO.tf 

x=0.35 

r*O.bS 

~X=O.SS 

0045 

,O 

:i 

.b 

.O 

.O 

.7 

.S 

.O 

.S 
.3 

.b 
. 4 

I.2 

I.1 

Result: Quark Charge is l/3 ! 



1982: Number of Valence, Quarks 

QPM: 
. 

Number of Valence Quarks in the Nucleon = 

s ’ dx 
-xF3(x) = 3(1 - "") 

0 x 7-r 

with 1 - Qis/r = 0.91 for Q 2=10 GeV2 and 

AQGD=~OO MeV 

CHARM (1983) : 2.561tO.41zj10.10 
CCFFR (1984) : 2.83zJzO.15&0.15 

Result: QPM ok, QCD correctio.ns compatible 
exp. (syst.) problem : small x ! 
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1983: Valence Quarks in the Nucleon 

QPM: 
Difference between u- and d- Valence Quarks: 

s 

’ dx 
3 - (F 2”-- F,“) = 

0 x 
V 

1 (QW 0 (ST4 symm. sea) 

I 
1 I I 1 1 I 1 

+- EMC toa = 30 Gev’ 
SLAC (0’ * 3.5 GeV a 

0.06 

01 1 1 I I 1 . I I 
0 Qz c& 06 x 

EMC (1983): 0.72rtO.06zkO.39 
exp. (syst.) problem: low x 

Result: 
QPM is ok (proton: 2 u-quarks, 1 d-quark) 
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1985-90: Precision I?2 - Measurements 

2 
C 
; 

z 

1 

.- 
cl 
w‘ 

T 

10 

c 

0’ (GeV/c: 

0’ (GeV/c) 

0’ (GeV/c)’ 

Deuterium 

a SLAC 

9 WC 

0 BCYS 

. :> ,,. , , , .,,,: I 
1 13 Id 

0’ (G&‘/c)’ 

Precision data on F&Ic, Q2) published: 
EMC:‘1985 (Proton), 1987 (Deuterium) 
BCDMS: 1989 (Proton), 1990 (Deuterium) 
+ Determination of hQc* possible 
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POLARIZED POSITRONS IN HERA 

[HERA Electron Ring] 

l SELF-POLARIZATION BY EMISSION OF SYNCHR~TRON 
RADIATION [SOKOLOV-TERNOV EFFECT]:' 

Pb(t) = pr[l - ezp(t/7)] 

l LONGITUDINAL POLARIZATION AT HERMES 
+ SPIN ROTATORS 

l POLARIMETERSBASEDONCOMPTONBACK-SCATTERING 

l TRANSVERSEPOLARIMETER: POSITION ASYMMETRY 
IN THE COMPTON CROSS SECTION 

* LONGITUDINAL POLARIMETER: ASYMMETRY IN 
THE INTEGRAL OF THE ENERGY WEIGHTED 
COMPTON CROSS SECTION 

l AVERAGE BEAM POLARIZATION (P@ 55% 

Comparisonofrisetimecurves 

* TranswPom*r 

A Longitudinal Polmimeter 



.THE HERMES EXPERIMENTAT DESY 

n 

2 

1 

+ e* 0 

-1 

-2 

FIELD CLAMPS 

DRIFF CHAMBERS 

VERlEx e3 B LUMINOSTY ------- .- --------- 

% 
n MONtlOR 

HODOSCOPE 

TFID CALORIMETER 

SIDE VIEW 
- MAGNET 

# I I I I I I 8 1 
0 1 2 3 4 5 6 7 8 m 

l Beam: transversely self-polarized 27.6 GeV e*-beam 
of HERA, rotated to longitudinal spin orientation at 
the HERMES IP; Pbeam z 0.55 III 0.02 

l Target: cooled open-ended storage cell inside the 
beam pipe, longitudinally polarized pure (lH, D, 3He) 
gas atoms of (7 - 33) x 1o13 nucleons/cIn2; 
Pit = 0.88 zt 0.04, PD Z PH, PHe = 0.46 zk 0.02 

l Tracking: forward dipole magnet .spectrometer with 
57 chamber planes (40 mrad < I 6 < 220 mrad); 
resolution: Se < 0.6 mrad, Sp/p < 1.5% 

l Particle ID: threshold Cerenkov detector, TRD, 
preshower, lead-glass calorimeter; e/h misidentificati- 
on < 0.4% 

l Fast Trigger: scintillator hodoscopes HO, Hl, H2; 
calorimeter; energy threshold 1.4 (3.5) GeV 
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THE HERMES POLARIZED TARGET 

TOP 
VIEW 

nozzle 

1 st sextupole 

2nd sextupole 

/ 
magnet coils 

sextupole 

chopper 
detector 

;. 

“\ 
iron yoke 

.: 

i- 
storage cell 

v 
l CELL WALLS 75,~ ALUMINUM, DRIFILM COATED 

l CELL TEMPERATURE 35...260K, HELIUM COOLED 
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TARGET PERFORMANCE 1996-2000 

0 PT TARGET POLARIZATION (AVERAGED) 

. Q$ INITIAL DEGREE OF DISSOCIATION 

a a: RECOMBINATION INSIDE CELL 

. ,6 MOLECULE POLARIZATION: p = P,/P, 

. P,T ATOM POLARIZATION 

1996/1997 1998/1999 2000 
HYDROGEN DEUTERIUM DEUTERIUM 

I 

< dT > 7.5*1013 7.5*1013 14*1013 
z W) 100 90 65 
BT. (mT) c 335 335 335 

T 
a0 0.99zto.02 0.94Iko.03 0.953*0.014 
aT 

.P! 
0.931to.04 1.00rt'0.03 0.997It0.013 
Q.92f0.03 0.99zto.01 0.99z.to.01 

P . 0.6OzkO.40 0.601tO.40 0.601tO.40 
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THE HERMES RICH DETECTOR 

Phc 
\ 

Photon Detector 

Aerogel Mirror 
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HERMES RICH - AVERAGE ANGLES 

0.2 - 

0.15 - 

0.1 - 

iB 

If  

I 

._.__. s J .: .:.. . . . . . . . 

& 0.25 

,, .:‘. .- 

4 b 6 10 12 14 16 

;;GeV; 

+ DESIGN RESOLUTION REACHED FOR GAS 

AND AEROGEL 

(WITHIN 10%). 
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CHARM MESON CANDIDATE 

Run: 3360 Event: 26667411 nm: Moo Nov 23 01:39:06 1666 Number cd back% 3 

PntlCk 1+ 2H 3+ 

Momwtum(aov/c) S.Y 1.52 14.61 

m-w) 

Position 

Kwn+ PIOW Elwtron 

TOP Bottom Bottom 

1 or more hits 
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Polarized DIS Experiments 

EXPERIMENT BEAM PERIOD OF BEAM ENERGY TARGET 
DATA TAKING (GW 

E80 e- 1974-76 6-19 C4H90H 
E 130 e- 1979-80 16.2-22.7 C4H90H 
EMC l-J+ 1984-85 100-200 NH3 

c . SMC P+ * 1992 100 C4DgOD 
CL+ 1993 190 C4H90H 
d- 1994 190 C4D90D 
CL+ 1995 190 C4DgOD 
P+ 1996 190 NH3 

El42 e- 1992 19.4-25.5 ‘He 
El43 e- 1993 29.1 NH3, ND 
El54 e- 1995 50 3He . 
El55 e- 1996 50 NH3, ND 
HERMES e+ 1995 27.5 ‘He 

e+ 1996 27.5 H 
e+ 1997 27.5 H 
e- 1998 27.5 D 
e-, e+ 1999 27.5 D . 
e+ 2000 27.5 D 
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HERMES KINEMATIC PLANE 

l EXTENDED (AND STANDARD) KINEMATIC RANGE: 

0.85 > =c > 0.0021(0.0212) 

0.1 < y < 0.91 (0.85) 

Q2 > 0.1(0.8) GeV2 

0 1997POL. HYDROGENDATA,AFTERQUALITYCUTS: 

+ 1.7 * lo6 EVENTS IN ‘STANDARD’ KIN. RANGE 

--i 0.8 * lo6 EVENTS IN EXTENDED KIN. RANGE 

l THE HERMES KINEMATIC PLANE: 

h 0.; 
0.8 
0.7 
0.6 

0.5 

0.4 

0.3 

0.2 

0:; 
0.08 
0.07 
0.06 

, 

i 
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SUMMARY OF DIS HISTORY 

l Analyzing the cross section of (polarized) inclusive 
deep inelastic lepton-nucleon scattering allows the 
extraction of unpolarized (and polarized) nucleon 
structure functions, i.e. the understanding of the 
momentum (and spin) structure of the nucleon. 

l The 1st generation of experiments (electron scattering 
at SLAC) revealed the scaling of the nucleon structure 
functions and thus stimulated the development of 
Feynman’s Parton Model. 

l The 2nd generation (muon scattering at FNAL) 
confirmed the scaling violations and thus stimulated 
the development of &CD. 

l The 3rd generation (muon- AND neutrino-scattering 
at CERN) allowed for various QPM tests and first 
quantitative tests of &CD. 

Results with .polarized targets initiated the study of 
the spin structure of the nucleon (i Lecture 2). 

l The 4th generation (electron/positron-scattering at 
DESY) allows for higher statistics semi-inclusive 
measurements thus opening access to the spin 
structure of the nucleon (+ Lecture 2). 

l A 5th generation (electron-scattering at TESLA) may 
lead to the ultimate completion of the understanding 
of the fuil spin structure of the nucleon (+ Lect. 3). 
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TESLA-N . 
POLARIZED ELECTRON-NUCLEON 

SCATTERING AT TESLA 

WOLF-DIETERNOWAK - DESY ZEUTHEN 

ON BEHALF OF THE TESLA-N STUDY GROUP 

RIKEN WINTER SCHOOL, LECTURE 3 

YUZAWA/JAPAN, DEC. 4, 2000 

l POLARIZED eN-SCATTERING AT TESLA 

l PHYSICS PROGRAM AND PROJECTIONS 

l POSSIBLE LAYOUT OF THE EXPERIMENT 

l MONTE CARLO SIMULATION 

l OVERALL CONCLUSIONS 
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TESLA-N STUDY GROUP 

G. V.D.~TEENHOVEN, J. STEIJGER, NIKHEF AMSTERDAM 

P.J. MULDERS, FREE UNIVERSITY AMSTERDAM 

M. D~~REN, UNIVERSITY OF BAYREUTH 

A. MEIER, W. MEYER, K. GOEKE, ST. GOERTZ, J. HARMSEN, 
M.V. POLYAKOV, P.V. POBYLITSA, G. REICHERZ, C. WEISS 
RUHR-UNIVERSITY BOCHUM 

A. GUTE, E. STEFFENS, K. RITH, UNIVERSITY OF ERLANGEN 

D. RYCKBOSCH, UNIVERSITY OF GENT 

W. BIALOWONS, R. BRINKMANN, N. MEYNERS, K. OGANESSYAN, K. SINRAM 
DESY HAMBURG 

E. LEADER, BIRCKBECK COLLEGE LONDON 

D. V.HARRACH, E.M. KABUSS, UNIVERSITY OF MAINZ 

S. BELOSTOTSKI, ST. PETERSBURG NUCLEAR PHYSICS INSTITUTE 

V. BRAUN, B. LEHMANN-DRONKE, D. MUELLER, 
L. NIEDERMEIER, A. SCHAEFER 
UNIVERSITY OF REGENSBURG 

M. ANSELMINO, INFN TORINO 

L. MANKIEWICZ, NICOLAUS KOPERNICUS ASTRONOMICAL CENTER WARSAW 

R. JAKOB, P. KROLL, UNIVERSITY OF WUPPERTAL 

E.C. ASCHENAU~R, J. BL~MLEIN, F. ELLINGHAUS, 
R. KAISER, V. KOROTKOV, W.-D. NOWAK 
DESY ZEUTHEN 
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.A POLARIZED FIXED-TARGET 
EXPERIMENT AT TESLA 

BASIC IDEA: USE ONE ARM OF THE TESLA 
COLLIDER FOR A POLARIZED FIXED-TARGET 
EXPERIMENT TO OPERATE IN PARALLEL TO 
THE COLLIDER EXPERIMENT(S) . 

Cl ELECTRON (SOUTH) ARM CANNOT BE USED, 

BECAUSE KICKER MAGNETS WOULD NOT BE FAST 

ENOUGH TO DIVERT ONLY PART OF THE BEAM. 

a USE POSITRON (NORTH) ARM- FOR ACCELERATION 

=$ STATIC MAG.NET SYSTEM FOR SEPARATION FROM THE 

POSITRONS. 

0 THE POLARIZED BEAM CONSTITUTES ONLY ABOUT 

0.04% OF THE MAIN CURRENT 

+ ADDITIONAL ENERGY CONSUMPTION IS NEGLIGIBLE. 

ADDITIONALLY NEEDED FOR THE EXPERIMENT, BESIDES 

TARGET AND SPECTROMETER: 

0 POLARIZED SOURCE AND INJECTOR 

0 EXPERIMENTAL HALL AND SHORT TUNNEL 

0 BEAM DUMP 
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CIVIL ENGINEERING 



LUMINOSITY (I) 

TESLA-N figures for 5 Hz operation: 

LUMINOSITY L 7.5 l 1O34 n.ucl/cm2/s 
s L dt/s 7.5 nb-l ’ 
J L dt/e-bunch 12 mb-! 
J L dt/eff. day 1.6 fb-’ 
J L dtleff. year 600 fl/(upper limit) 
C.M. ENERGY 22.3 GeV 

TESLA-N ANSATZ FOR EFFICIENCIES: 

&lumi = &up-time w Eexp = 0.33 l 0.75 = 0.25 

CONSERVATIVE ASSUMPTIONS: . 

0 ONLY THE TIME RESOLUTION OF COMPASS 
CAN BE REACHED (2 nS) 

q ONLY HALF OF THE MAXIMUM CURRENT 
IS USED TO KEEP THE MULTIPLE EVENT 
FRACTION SMALL 

* 100 fb-l PER YEAR FOR PHYSICS 
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LUMINOSITY (II). 

37 

36 

35 

34 

33 

32 

31 

30 

29 

l ELFE 
WW) 

l ELFE 
(POl) oTESLA-N (10 Hz) 

l SLAC l TESLA-N 
(incl) 

l HERMES 
(unpol) a EPIC 

WOMPASS 
l eRHlC 

.SMC 
@HERMES 

(POl) 
l HERAep 

(PO0 
l HERA eA 

10 ‘Km, Energy [GeV] 

THE EFFECTIVE POLARIZED LUMINOSITY FOR A SOLID- 

STATE FIXED-TARGET EXPERIMENT IS A FACTOR OF 

ABOUT 25 LOWER THAN FOR POLARIZED ep-COLLIDERS. 
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SEMI-INCLUSIVE 
DEEP INELASTIC SCATTERING 

MOMENTUM TRANSFER 

HADRONIC SYSTEM INV. MASS 

SERVED HADRON 



Q UARK TRANSVERSITY FROM 
SEMI-INCLUSIVE PIONS (I) 

I y* - h plane 

MEASURE WEIGHTED ASYMMETRIES: 

AT@, Q2, 2) = 

s d$e s d2Phl s sin@: + $i) (da? - da&) 

s dqbe s d2Phl(doT + da-1) 

WITH FACTORIZATION (VALID FOR TESLA-N) : 

AT@, Q2, x) = 

c, ei 8q(x, Q2) H,lo"(z) 
c, e; 4(x, s”> D%4 
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QUARK TRANSVERSITY FROM 
SEMI-INCLUSIVE PIONS (II) 

DEFINE ~RITIES: 

Pqh(x,Q2,z) = e; cl(x) Gw 
c, fg 44 -WI 

ASSUME FLAVOR-INDEPENDENT POLARIZED 
-WI FRAGMENTATION FUNCTION & (z): 

1 . APT+ = Wx, Q2> &(l)(z) . pn+ 
PT l ha u(x,Q2) .’ D&> 

U(P) 

+ S&x, Q2) H;@‘(z) n+ 
i!(x, Q2) ’ Dl(iz) ’ Pa(P) 

RESOLVE NORMALIZATION AMBIGUITY: 
8q=Aq at X’N 0.25, low Q2 

7r+(x-) 
4 l ~cz,-pl l N, MEASUREMENTS (Ap,d ) 
4 l Ncz,Q2j + Nz UNKNOWN PARAMETER 

(Su, Sd, Sii, Sd(x, Q2), Hll”‘(z)/D&)) 
3 OVERCONSTRAINED SYSTEM OF COUPLED EQUATIONS. 

IF KAON ASYMMETRIES ARE MEASURED IN ADDITION, 

THE DISTRIBUTIONS &(x, Q2) AND 6s(x, Q2) CAN BE 

INCLUDED’ AS WELL. 
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QUARK TRANSVERSITY FROM 
SEMI-INCLUSIVE PIONS (III) 

- a, hy, a2=o.4~GeV2 

- h;, Q2=10 G& 

- @, Q2=10 GeV2 

LO 
0 
10Q 10-l 1 

TRANSVERSITY AND HELICITY DISTRIBUTION AT 

Q2 
= 0.4 GEV~ (SOLID), AND BOTH EVOLVED TO 

Q 

2 = 10 GEV~. 

-0.2 c- .___, Jirp _._,_._... =“; ’ ’ , 

RELATIVEDIFFERENCEBETWEENU-QUARKTRANSVERSITY 

AND HELICITY DISTI+IBUTION VS. cc AND Q2. 
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QUARK TRANSVERSITY FROM 
SEMI-INCLUSIVE PIONS’ (Iv> 

0.03 k 

0.025 k+- x=0.003-0.006 

0.04 

+-I- 

x=0.006-0.010 

0.035 

-EC 
0.07 

~ 

x=0.010-0.020 

g 0.06 

t 
I 

0.l: [ z’o.y + 

1 10 

PROJECTHONFORTHEVALENCEu-QUARKTRANSVERSITY 

DISTRIBUTION BASED 0~ 100 fb-l AND A MINIMUM 

DETECTOR ACCEPTANCE OF 5 mrad. 

TENSORCHARGE / TRANSVERSESPIN*OFTHENUCLEON: 

(‘ALL-VALENCE OBJECT') 

SC(Q2) = >: J’dx(6q(x, Q”) - Wx, Q2)) 
9 O 

PROJECTED ACCURACIES AT Q2 = 1 GeV2: 

&L = 0.88 zt 0.01, bd = -0.32 410.02 105 



'QUARK TRANSVERSITY FROM 
TWO-MESON CORRELATIONS (I) 

THE REACTION 

ept -+ e’n+KX * 

OFFERS AN ALTERNATIVE POSSIBILITY TO 
MEASURE THE QUARK TRANSVERSITY. 

THE INTERFERENCE EFFECT BETWEEN THE S- 
AND P-WAVES OF THE TWO-MESON SYSTEM 
ALLOWS THE QUARK’S POLARIZATION TO BE 
CARRIED THROUGH z+ X g- l $i .[JAFFE ETAL., 19981. 

PROTON/DEUTERON TARGET: 

A* N (8uv(x) - $L,(~))..@I(~) 

iAd N (6u, (x) + 6&(x)) 9' @i(z) 

THE UNKNOWN CHIRALLY ODD INTERFERENCE 
FRAGMENTATION FUNCTION @f(z) CAN IN, 
PRINCIPLE BE MEASURED IN 

e+e- -+ (7r+7CX)(7r+7FX) 

NOTHING HAS BEEN PUBLISHED YET. 
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Q UARK TRANSVERSITY FROM 
TWO-MESON CORRELATIONS (II) 

0 

-0.5 
1 

0 

-1 

F l 

r 
x = 0.010 - 0.020 

l + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
..* t . . . . . . . . . . . , . . . . . . . . . . . . . . . 

l 

’ ’ “““’ ’ y. 

x = 0.020 - 0.030 

l ** z . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . , t . . . . . . . . . . . . . . . . . . 
L l . l . 8; 
I . . x = 0.030 - 0.040 

F 
.** I I I__: + 

t 
. . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I . . . . . , . . . 

0’ 
. 0’ l * 

F 
1 . . . . . . . r . . . . . . . . . . . . . . . . . :;.ry.;“, . . . 

l . 0. 

a 10 

1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 

+ -1 
I 4 “““’ 

II 
‘- 2 

l . . . l 
x=0.10-0. 5 - 

l 
,...........................................; . . . . . . . . . . . . . . . . . . ..e 0 

. . . * 
. * 

l l ‘* L 
x=0.15-0.20 ’ . * 

’ 1 . _ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 
- . J 

. * . 
’ ’ +Y /-.I ‘y” : 5 

x=0.20-0.30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I.. . 
. . 

..eD 

‘+ 0 0 L ’ 
x=030-040 - 0 . . . . . . . . . . . . . . . . . . . . . . -. _._...,.................................. . 0 

. . . . 
-25 

I0 Q2, GeV 

MAXIMUM ASYMMETRY FOR THE TWO-PION SYSTEM 

AS A FUNCTION OF z AND Q2 AT TESLA-N WITH 

AN INTEGRATED LUMINOSITY OF 100 fb-‘. RESULTS 

ARE SHOWN SEPARATELY FOR BOTH TWO-PION MASS 

REGIONS. 
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POLARIZED GLUON DISTRIBUTION (I) 

USE PAIRS OF HIGH-pi HADRONS TO ISOLATE THE 

PHOTON GLUON FUSION PROCESS (PGF). THE MAIN 

BACKGROUND IS DUET0 QCD-COMPTON (QCDC). 

MEASURE THE CROSS SECTION ASYMMETRY 

AG A4 ==: kPGF--- G ~PGF+~QCDC -fQCDC 
4 

&pGF = -1 ii~c~c FZ 0.5 (HARD SCATTERING ASYM.) 

HERMES RESULT 

1996/97 DATA 
.[PRL 84 (2000) 25841 

( DOES NOT INCLUDE 

SYSTEMATIC ERRORS DUE 

TOPYTHIA MC) 

0 

i 

t 

-0.2 

-0.4 1 

-0.6 
I --- 

-.~,-.-.-.-.-.-.-.-.~-.~-.-.-.-.-.---.-.-. 1 

-0.8 ;’ - * GSB (dXb - 0.3) 

-.-.-. GSC (-c~Gl& - -0.1) 

-‘OS 0.75 I 1 I . 7.25 I 1.5 I 1.75 I 2 
py (GeVk) 
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POLARIZED GLUON DISTRIBUTION( II) 

TESLA-N PROJECTIONS FOR 100 fb-‘: 

9 ‘-0 
c3 
a0.8 -1 

‘0 

0.6 - 

TESLA-N pairs Qf high pT had:ons 100 fb“ at 250 c&V 
HERMES pairs of high b hadrons until 2005 
COMPASS pairs of high pr hadrons 2.0 fb” at 200 GeV 
SPAR at RHIC direct photon + jet 320 pb” at 6= 200 GeV 

0.4 - 

0.2 - 

1 - GS-A(L0) 

-0.2 ----I GS-B (LO) 

-*-‘* G!s-c (LO) 

-. 
I. .’ 

I. : 
-. , 

-. .- 
-. 

-c .*- 

--.* *** 
.w.s.-. 

PROJECTED STATISTICAL ACCURACIES FOR THE 

DIRECT DETERMINATION OF AG(x)/G(x). 

q VERY GOOD SENSITIVITY OVER LARGE 
~gzuon RANGE 

q SYSTEMATIC EFFECTS UNDER STUDY 
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POLARIZED GLUON DISTRIB. (III) 

QCD IMPROVED QUARK PARTON MODEL: 

1 
9: = 2 

1 9 . 
-): e2 . 
v i=l 2 

6&S @3 AqNS 

+ 

+ PARAMETRIC FORM OF AG(x) 
’ IS INDIRECTLY DETERMINED FROM 
QCD NLO FITS TO gl(x,Q2) 

%=- THE FIT YIELDS AG(Q;): 
GLUON CONTRIBUTION TO NUCLEON SPIN: 

AG(Q;) 
EXISTING DATA 0.43 It 0.21 
PLUS 100 fb- 1 TESLA-N(p) dz 0.06 
PLUS 100 fb- 1 TESLA-N(d) * 0.04 
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POLARIZED GLUON DISTRIB. (IV) 

INCLUSIVE MEASUREMENT: ’ 
MAP OUT gy(z, Q”) WITH HIGH PRECISION 

0.6 

0.5 

0.5 

0.4 

0.5 

0.4 

0.3 
0.5 

0.4 

0.3 

x=0.008 .+-t--- A HERMES 
v El43 

t 
.e-- ’ 

. ..- .+-- 

: .+-*- 
x = 0.015 

*y.-’ 

- +***../-- 
. .- x = 0.025 

0.4 

0.3 
;i 

..m- 
.e- 

Jt" , * I I I1.l 

A'" 

., - 
*.+.+--*- 

x.= 0.035 

0.4 : 

4 ' 

. 

0.3 1. 4''C" 
.a-- 

E 

It . ..- .m-" 

x = 0.05 
I 

‘0 CI 
Q’, GeV’ 

*p-m- 9 .0-m-m- 
x = 0.175 

I I 

x = 0.35 

-4. y-o-m-0. 
9 *44 m-m-++. 

'1 I ,""', I 
x=0.50 

‘I?*O-C*+-*t-m-** 

89 . . 
0.3 

0.2 

0.3 

0.2 

0.2 

0.1 

0.2 

0.1 

0 

PROJECTED STATISTICAL ACCURACY FOR A MEASUREMENT 

OF gy(a: a Q”) AT TESLA-N, BASED ON A LUMINOSITY 

OF 100 fb-l AND A MINIMUM DETECTOR ACCEPTANCE 

OF 5 mrad. 
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FURTHER PHYSICS TOPICS 

c] FLAVOUR SEPARATION OF QUARK HELICITY 
DISTRIBUTIONS: Auv(x,Q2),Adv(x,Q2), 
Afi(x, s”), A%, &2>, Wx, Q2> 

0 MEASURE g2(x, Q”) DOWN TO X=0.005 

0 FRAGMENTATION FUNCTIONS 
(AS INPUT FOR B-FACTORIES AND LHC) 

0 DEEPLY VIRTUAL COMPTON SCATTERING 
(WCS); AT LOWER BEAM ENERGY 

q UNPOLARIZED GLUON DISTRIBUTION FUNCTION 
G(x) AT HIGH X 

q SPECIFIC DEUTERON STRUCT.URE FUNCTIONS 
h,2(x, Q2> AND’ A(x, Q2> 

0 NUCLEAR EFFECTS IN eA SCATTERING 

0 REAL PHOTON SCATTERING FROM NUCLEONS 
AND NUCLEI 

FOR THESE TOPICS TESLA-N PROJECTIONS 
HAVE NOT BEEN WORKED OUT’YET 
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POLARIZED TARGET 

0 4He EVAPORATOR CRYOSTAT GUARANTEES 

TEMPERATURE OF 1 K FOR A HEAT LOAD 

OF 1 w 

=+- SUFFICIENT POLARIZATION ONLY IN A 

HIGH MAGNETIC FIELD OF 5 T 

q TARGET POLARIZATION MUST SURVIVE HIGH 

RADIATION DOSES 

+ DEUTERON TARGET MATERIAL: 6LiD, 
(6Li+)a+- D) 
TARGET DILUTION FACTOR 0.44, 
TARGET POLARIZATION. 0.3 

+ PROTON TARGET MATERIAL: NH3, 
TARGET DILUTION FACTOR 0.176, 

TARGET POLARIZATION 0.8 ' 

q AREAL TARGET DENSITY N Q/cm2 
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POLARIZED ELECTRON BEAM 

5FELpulses/s S TESLA p&es / s 

one every 200 ills 

’ 283ob?dlesforete- 
one every 337 us 

--B- 440 buckers available 

one every 0.77 us 

one every 0.77 I1s 

4 bunches for eN: 6.2 1OWs 

776 ps 

MACHINE FREQUENCY 1.3 GHz -\, 

eN-BUNCHES / S 
MAX. CURRENT 

ONE BUCKET EVERY 
0.77 ns 
6.2 l lo6 
20 nA 

# e- / eN-BUNCH 20000 

SOURCE strained GaAs (SLAC TYPE) 

ENERGY 250 GeV a 
ALSO 25400 GeV POSSIBLE 

POLARIZATION - > 90 % 



DETECTOR DESIGN CONSIDERATIONS 

q BEAM ENERGY 250 GeV 

=+ OVERALLDIMENSIONSSIMILARTOCOMPASS 

q GOOD MOMENTUM RESOLUTION 

+ S-STAGE SPECTROMETER 

STAGE 1 ‘HADRON STAGE' 
STAGE 2 ‘ELECTRON STAGE' 
STAGE 3 'FORWARD SPECTROMETER' 

0 HORIZONTAL DIPOLE FIELDS, TO DIRECT 
‘SHEET OF FLAME' TO THE HALL FLOOR 

+ TWO SYMMETRIC HALVES OF THE 
SPECTROMETER: LEFT AND RIGHT 

0 SEMI-INCLUSIVE MEASUREMENTS: 

* PID AS IN HERMES: 
RICH, TRD, ECAL 
FOR STAGE 1 AND STAGE 2, 
STAGE 3 ONLY WITH ECAL 
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SCHEMATIC SPECTROMETER DESIGN 



DETECTOR GEOMETRYIN TMC 

Bremsstrahlung (l/200 bunch in air) 
.-- ; 

top 

side 

BLACK: DIPOLE MAGNETS 
GREEN: DC l-6 

BLUE: MC1 INSIDE SMl 
MAGENTA: ECAL 1,2 AND 3 
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BREMSSTRAHLUNG EVENTS 

Bremsstrahlung (l/20 bunch in vacuum) 

top 

side 

1000 ELECTRONS CORRESPONDING TO 1/20 
OF ONE BUNCH. ABOUT 20%, PRODUCE 

BREMSSTRAHLUNG IN THE TARGET. ’ 
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SCHEMA~C SPECTROMETER DESIGN 
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%HEET OF FLAME' 

10 - 
ENDVIEW 

O- 

-10 - 

-20 - 

-30 - 

-40 - 

-so - 

-6o- 
I I I I I I 1 I I I , 

-30 -20 -10 

- Bremsstrahlung 
Photons 

-Electron Beam 

\ / 
I 

Elect.rous with 
lower Energy due to 
Bremsstrahlung 

POSITION AT THE END OF THE DETECTOR 

GEANT MC SIMULATIONWITH 10,000 BREMSSTRAHLUNG 
EVENTS. WIDTH OF ‘SHEET OF FLAME' DOMINATED BY 
THE BEAM PROFILE; THE ANSATZ FOR THE SIGMA OF 
THE BEAM IS 1 mm. 

+ WIDTH OF VACUUM VESSEL CAN BE AS LOW AS 
32 2 cm. 
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BREMSSTRAHLUNG IN MAGNET SM2 

-100 -80 -60 -40 -20 0 20 

Y Ecml 
Y Y 10 10 
9 9 
0 0 10 10 
u u 

10 10 

10 10 

10 10 

10 10 

1 1 
-100 -100 -80 -80 -60 -60 40 40 -20 -20 

Y km1 

GEANT MC SIM~~LATIONWITH 1.000.000 BREMSSTRAHLUNG 
EVENTS ? 40 ns TESLA-N RUNNING. 

PRIMARY ELECTRONS AT THE ENTRANCE (TOP) AND 
EXIT (BOTTOM)OF SM2: 

APERTURE OF SM2: y = & lm 

-+ ABOUT 600 ELECTRONS SCATTER IN SM2 WITHIN 
40 ns 

+ SM2 AND SM3 WILL HAVE TO BE C-TYPE 
MAGNETS. 
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DIS EVENT 

DIS at TESLA-N 

top 

side 

0 

. . ..I . . . . 

I Y ...... ............. ...... .... 
F 4 
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NUMBER OF CHARGED HADRONS 
PER DIS EVENT WITH Q2> ~GEV~ 

TOP: IN FRONT OF SM1 
SECOND: DC1 
THIRD: DC2 - FULL TRACKS IN STAGE 1 
BOTTOM: DC4 - FULL TRACKS IN STAGE 2 

Y 

---r, 2-4 HADRONS PEREVENT 
(DIS, PHOTOPRODUCTION) 
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EVENT RATES 

250 GeV Electrons on a lg/cm* Target 

-4 
10 

Mtiller, E, > 1.5 GeV 

v>3Gev 

Quasi-real photoproduction 

v>!%GeV 

J 15 20 25 30 
%i”Y mrad 

e.g. for Q,,,,, = 10 mrad : bsR ’ ‘0 ) E; * 5-g 04 
N-(~3) - 

M~LLEREVENTSAREKINEMATICALLYDISTINGUISHABLE 

FROM DIS EVENTSFOR Q2 > 1GeV2. ’ 
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A ‘RECORDED EVENT' 

ASSUME THE INTEGRATION TIME FOR A 
‘RECORDED EVENT' IS ABOUT 158 ns, 
WHICH IS A TYPICAL TIME FOR DRIFT 
CHAMBERS. THEN A RECORDED EVENT 
CONTAINS ROUGHLY 200 BUNCHES WITH 
20,000 ELECTRONS EACH. 

* 200 MOLLER EVENTS (ELECTRON TRACKS) 

--i 40 PHOTOPRODUCTION EVENTS 
(ON AVERAGE 3 CHARGED HADRONS) 

+ 0.2 DIs EVENTS 

IF THE BREMSSTRAHLUNG- EVENTS CAN BE 
NEGLECTED, BECAUSE THE ELECTRONS STAY 
CONTAINED IN THE VACUUM VESSEL, THERE 
ARE STILL ABOUT 320 CHARGED T,RACKS PER 
RECORDED EVENT. 

+ THE COMPLEXITY OF THE EXPERIMENT 
LIES BETWEEN HERMES (FEWTRACKS) AND 
HEAVY-ION EXP.?~ (THOUSANDS OF TRACKS) 
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OVERALL SUMMARY & OUTLOOK 

6& Fixed-target fepton-nucleon scattering exp.‘s 
have initiated a many-decade study of the 
momentum and spin structure of the nucleon. 

4 Several generations of experiments have, in 
over 2 decades of close interaction with theory, 
revealed more and more pieces of the nucleon 
structure ‘puzzle’. 

& Further important impact to theoretical 
development in the context of the QCD 
picture of the polarized nucleon is clearly 
expected to-emerge from upcoming results of 
HERMES@DESY & COMPASWKERN in the 
years to come. 

4 A complementary set of results on the spin 
structure of the polarized nucleon will be . 
obtained from ppscattering at RHIC by 
PHENIX & STAR within this decade. 

*. 4 The ultimate fixed-target lepton-nucleon 
scattering experiment may be realized in 
the next decade, possibly at TESLA. Based 
upon very high luminosity and variable energy 
there is good hope to eventually complete 
the understanding of the angular momentum 
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HERMES RESULTS.• N THE 
SPIN STRUCTURE OF THE NUCLEON 

WOLF-DIETER NOWAK- DESY ZEUTHEN 
ON BEHALF OF THE HERMES COLLABORATION 

RIKEN WINTER SCHOOL, LECTURE 2 
YUZAWA/JAPAN, DEC. 3, 2000 

l SPIN STRUCTURE FUNCTION gl 

l POLARIZED QUARK DISTRIBUTIONS 

rn POLARIZED GLUON DISTRIBUTION 

l POLARIZED FRAGMENTATION FUNCTION 

Published results are based on data taking periods 1995 ’ 

[neutron target] and 1996-97 [proton target], preliminary 

results are mainly from 1998-99 [deuterium target]. 
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MOTIVATION (I) 

PARTON DISTRIBUTIONS OF THE NUCLEON 

AT LEADING TWIST IN PQCD 

q(2, Q”> QUARK NUMBER DENiITY DISTRIBUTION (fi”) 

Adx, Q2> QUARK HELICITY DISTRIBUTION (91”) 

&G, Q”> QUARK TRANSVERSITY DISTRIBUTION (h;) 

G(x, Q2> GLUON NUMBER DEN’SITY DISTRIBUTION 

AW, Q”) POLARIZED GLUON DISTRIBUTION 

h(x, Q2> AND AG(x, Q”> PRESENTLY NOT KNOWN ! 
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MOTIVATION (II) 

SPIN’ STRUCTURE OF A 

longitudinally POLARIZED 

PROTON: 

s,=;=;AE+AG+l, 

AX EXPECTED TO BE N” 0.6 IN NR QPM 

BUT WAS FOUND TO BE SMALL IN INCLUSIVE 

DIS EXPERIMENTS (EMC, SMC, SLAC, HERMES) 

+ SPIN ‘CRISIS’ 

nflavors 

AX= C( Aqi + Aqi> c 0.2...0.4 

POSSIBLE CONTRIBUTIONS TO &: 

0 STRANGE SEA POLARIZATION As IS NEGATIVE? 

l GLUON POLARIZATION AG IS POSITIVE? 

0 ORBITAL ANGULAR MOMENTUM L, IS POSITIVE? 
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P.OLARIZED.DIS IN THE QUARK 
PARTON MODEL 

($2 - q+(x) 
ucleon 

POLARIZED PHOTON (SPIN 1) CAN ONLY PROBE QUARKS 

WITH SPIN OPPOSITE ‘TO ITS OWN: 

QUARK SPIN’PARALLEL TO NUCLEON SPIN: 

QUARK SPIN OPPOSITE TO NUCLEON SPIN: 

FLIPPING SPIN OF TARGET --i QUARK HE,LICITY ’ 

DISTRIBUTIONS: 

(f =u,d,s,U,d,S) 
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ASYMMETRIES IN INCLUSIVE 
POLARIZED DIS 

2x& MEASURES A WEIGHTED AVERAGE OF 
THE QUARK MOMENTUM DISTRIBUTIONS: 

1 1 

J?(x) = fcef (q:(x) + q;(x)) = $Cef q;(x) 
i i 

g1 MEASURES A WEIGHTED AVERAGE OF THE 
QUARK HELICITY DISTRIBUTIONS: 

91(x) = ixef (q:(x)- q;(x)) = ixef Aqi(x> 
i i 

VIRTUAL PHOTON ASYMMETRIES: 

Al = al/2 - o3/2 = 91 -F;2g2z 91 
al/2 +03/2 Fl 

A2=%k= y(g1+ 92) . 2Mx 

Fl 
iY= 

QT c 
2 

MEASURABLE ASYMMETRIES: 

All = 
a-cas 

Al = 
cd + - ,I=+- 

&+a3 d- + d+- 

All = D(Al+ q&3) Al = d(A2 + Qh) 

D,d: Virtual photon depolarization factors 

7, [: kinematic factors 
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WHY 91 AT LOW XBJ AND LOW Q2 ? 

WHY 91 AT LOW XBj? 

0 LOW-x REGION IS IMPORTANT FOR DETERMINING 

THE QUARK CONTRIBUTION AX TO THE NUCLEON 

SPIN (EXTRAPOLATION INTO THE UNMEASURED 

REGION) 

WHY g1 AT LOW Q2? 

0 PROVIDE NEW DATA FOR THE STUDY OF SCALING 

VIOLATIONS 

_ INDIRECT ACCESS OF AG 
0 ALLOW FURTHER TESTS OF THE pQCD CONCEPT: 

DOWN TO WHICH Q2 IS THE CONCEPT VALID? 

xgl(a:, Q2) = xg;w-2(x, Q2> 
1 

++ 
Q 

tw-*(x, Q2) 

1 
+ 2 

Q ( 

h~j;(x, Q”> + hy-&&, Q”) 

_ FIELD IN PROGRESS [DIS ‘99: E.STEIN, NP B79 (1999) 5671 

[J.BL~~MLEIN, A.TKABLADZE, HEP-PH/98124 

l UP TO NOW: ANALYSIS OF PROTON TARGET DATA 

IN THE EXTENDED KINEMATIC RANGE 
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SYST.UNCERTAINTIES AT.LOWXAND Q2 

e EXPERIMENTAL SYSTEMATIC UNCERTAINTIES: 

4 BEAM POLAR.: ApB = 3.4 % 

+ TARGET POLAR.: ApT = 4.7 % 

* OTHER SOURCES: Amis= = 5.5 % 

( NORMALIZATION, HADRON CONTAMINATION, 
cuT STABILITY, O-SYSTEMATICS) 

m SYSTEMATIC UNCERTAINTIES IN THE ITERATIVE 
EXTRACTION OF THE BORN ASYMMETRY: 

-+ RAD. CORR. [POLRAD: J. PHYS. G2o(iwqm] 

+ SMEARING CORR.: 
A corr = 5.0 "ro (11% LOWEST 2) 

-+ ~~~~~~~~~~~~~~~~~~~ A2 = 0.5 - x/J/@- 
[BASED ON E-143 DATA: PHYS. REV. D58(1998)112003] 

AA~ 2 0.5% 

FIXED: F2: ALLM97 [HEP-PH/g712415] WITH LOW-M/ MOD. 
(FOR W < 2.2 GeV AND Q2 < 0.5 GeV2) 
AND R1990 [PHYS. LETT. b250(1990)193] 

* TOTAL FOR LOW-X REGION: 9.4 % 
(13.6 % LOWEST z BIN) 
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d 1 

* FP :COMPARISONTO l5143& SMC 

L 

0.8 - 

0.6 - 

0.4 - 

0.2 .- 

proton 

0 HERMES low-x preliminary 

. HERMES 

v E-143 

* SMC 

+ No STATISTICALLY SIGNIFICANT Q2 DEPENDENCE 
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gy VERSUS x AND Q2 

4 

3.5 

2.5 

x=0,0063 
I- phen. fit 

E * Ll”,” 

r ’ x-O.245 
_______- ~-*p---,--&-+-- 

x=0.346 
-----e*'Sll---~---I---a ___. 

A El55 
x=0.490 

v El43 ‘“---- -m k-w- &.-m-&-- 

e HERMES x=0.735 -..-+--,----~-B- 
0 HERMES low-x prel. 

Q2 (GeV2) 
FIT BY El55 USING Q2 > 1 G:3V2 WORLD DATA: 

gl/Fl = ~0~7(0.817+1.014~-l.489~2)(1-0.04/Q2) [HEP-~~/0007248]. 

135 



SCALING VIOLATION IN gy ? 

. LOW--a: REGION (z < 0.05) : 

LARGE STATISTICAL UNCERTAINTIES 
(ALi DATA SETS ARE STATISTICS DOMINATED) 

ONLY LIMITED CONCLUSIONS ON SCALING 
VIOLATIONS AND AG POSSIBLE 

a MEDIUM-Z REGION (0.05 < X 5 0.2) : - 

SIGNIFICANT SCALING VIOLATIONS OBSERVED 

. LARGE-x REGION (0.2 5 Ix: 5 0.8) : 

DATA CONSISTENT WITH NO SCALIN,G VIO- 
LATIONS 

+ MORE PRECISE DATA NEEDED FOR x < 0.05 
‘AT BOTH 

- LOW Q2 (HERMES DATA > 1998) 
- HIGHER Q2 (COMPASS) 
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sillF,d - 1999 HERMES D DATA: 
COMPARISON WITH WORLD DATA 

t 

0.4 
1 c 

0.3 

1 

l HERMES PRELIMINARY . 
(data: Feb-May ‘99) 

0 SMC 

A El43 

q El55 
(averaged by HERMES) 

1 

a NO STATISTICALLY SIGNIFICANT Q2 DEPENDENCE 

a MORE PRECISE DATA NEEDED: 

D FACTOR 6 OF HERMES STATISTICS ‘ON TAPE’ 

D ANALYSIS OF EXTENDED KIN. RANGE PLANNED 
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Spin Asymmetry in SU(G)-Model 

+ udu(2 N-r - l-r-1 - u-r) ’ 

PROBABILITIES ON UP AND DOWN QUARKS 
TO HAVE THEIR SPIN PARALLEL (T) OR 
ANTIPARALLEL (4) TO THE NUCLEON SPIN: 

P(J)=5/9 P(?+1/9 
P(dt)=1/9 P(dk)=2/9 

THE SPIN ASYMMETRY Al FOR THE PROTON 
IS GIVEN BYTHE SQUARE OF TH CHARGES OF 
EACH.QUARKFLAVORANDTHESEPROBABILITIES: 

A: = 
4/9[P(u+j - P(d)] + 1/9[I+it) - P(d-l)] 
,4/9[P(d) + P(d)] + 1,‘9[P(d+) + J=(d$)] 

THE PROTON ASYMMETRYBECOMES Ay=5/9 
AND THE NEUTRON ASYMMETRYAy=o. 
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WORLD DATA FOR gl VERSUS x 

0.8 

0.4 

0.2 

0 

0.2 

0 

-0.2 

-0.4 

-0.6 

-0.8 

0.1 

0 

-0.1 

-0.2 
-0.3 
-0.4 
-0.5 

IDATA POMTS SHOWN AT MEASURED &2 VALUES. 

SMC DATA SHOWFORQ2 > 1 GEv2. 
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WORLD DATA FOR xgl VERSUS x 

0.06 

xg, 
0.04 

0.02 

0 

0.04 

0.02 

a 

0.02 

E 

-0.0: 

-0.04 

9 El55 
T El43 

deuteron 

neutron 

1 
* El42 

0.1 1 
x 

DATAPOINTS SHOWNATMEASURED Q2 VALUES. 

SMC DATASHOWNFORQ~ > ~GEV~. 
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SEMI-INCLUSIVE .DIS 

IN SEMI-INCLUSIVE DEEP INELASTIC SCATTERING A 

HADRON h IS DETECTED IN COINCIDENCE WITH THE 

SCATTERIED LEPTON. 

l SELECT HADRONS FROM THE CURRENT FRAGMENTATION l SELECT HADRONS FROM THE CURRENT FRAGMENTATION 

REGION BY CUTS ON REGION BY CUTS ON 

2: 2: = Eh/v > 0.2 AND XF = 2&/W 2 0.1 = Eh/v > 0.2 AND XF = 2&/W 2 0.1 

0 IN Lo QcD (ASSUMING SPIN INDEPENDENCE OF 

FRAGMENTATION) : 

2 s 
1 

dx C, e;Aq(x, Q2) l D,hh &“I 

- 2, ;i( Q> = 
Zmin 

s 
1 

zmin dz C, e;qCx, Q2> l Dqhk Q2> 

(Aq) Q: (POLARIZED) QUARK DISTRIBUTION 

0;: FRAGMENTATION FUNCTION 

PROBABILITY FOR (STRUCK) QUARK 0~ FLAVOR f 

TO FEiAGMENT INTO HADRON OF TYPE h 
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SEMI-INCLUSIVE ASYMMETRY A: 

MEASURED LEPTON NUCLEON ASYMMETRY: 

1 - (Nh/L)+ - (Nh/L)* - 
(pTpB) (Nh/L)’ + (Nh/L) y 

pT,b: TARGET AND BEAM POLARISATION 

Nh : NUMBER OF SEMI-INCLUSIVE DIS EVENTS 
L: DEADTIME CORRECTED LUMINOSITY 

IN ANALOGY TO THE INCLUSIVE CASE: 

91h -= 
Fh 

1 

I 

ASSUMPTION’ gt = 0: PHYSICS ASYMMETRY 

A;=&- Ah II 
Fh - D(1 +qy) 1 

142 



SEMI-INCLUSIVE ASYMMETRIES 

INCLUSIVE AND SEMI INCLUSIVE ASYMMETRIES ON 36& 

GAND~TARGETS. DATA SHOWNAT MEANMEASURED 

Q 2 IN EACH BIN. 

0.8 

0.6 

0.4 

0.2 

0 

0.3 

0.2 

0.1 

0 

-0.1 

-0.2 

-0.3 

/ 

c 

A:+ (~1 

. HERMES 

F 
0 SMC 

,- I 

1’ 
! 

4 
/’ 

‘I + 

0.04 0.1 1 0.04 0.1 1 0.04 0.1 
PUBLISHED IN Whys. Lett. B464 (1999) 123 : 

0.8 - -1.d 1.d 14 I i 
1 - 

. HERMES prelim. l HERMES prelim. 
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&-EXTRACTION 

@ REWRITE PHOTON-NUCLEON ASYMMETRY 

l PURITY P,“(x, x> GIVES PROBABILITY THAT 
A QUARK q(x) WAS STRUCK WHEN A 
HADRON h(z)IS DETECTED 

l PURITIES ARE SPIN-INDEPENDENT QUANTITIES 
(FRAGMENTATI~NPROCESSSPIN-INDEPENDENT) 

l DEFINE 

P = 

s 

1 

WHERE P,“(z) = P;(x, x) dx 
Zmin 

. TOEXTRACTQUARKPOLARIZATIONS SOLVE 



DIETERMINATION OF PURITIES 

e THE PURITIES 

ARE DERIVED FROM THE TUNED LUND 
FRAGMENTATION MODEL AND FROM (CTEQdLQ) 
PARAMETRISATiONS OF qf (x) 

l SCHEME AT HERMES 

Monte Carlo 
jXS .Gecerator (LEPTO) 

.: Fragme~~ation.&UNC?) 
Betecto~~(GEANTj 

I Asymmetries 

p*:(x) 
b I23 Purities . 

p$4 
: ., 

. . 

1 

. ..I.-----.. ..-. - . . 
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PURITIES FROM MONTE CARLO 

PURITIES Ptz .-d_(x)~~~~~~~6~,~~~~~~~~~~ 

TARGET: " ' 

; 0.8 
'5 0.6 
n 0.4 

0.2 
0 

50.8 
-5 0.6 
n 0.4 

0.2 
0 

e h+, h- ASYMMETRIES ON THE PROTON 
DOMINATED BY Au(x) 

l h+, h- ASYMMETRIES ON THE NEUTRON 
SENSITIVE TO Ad(x) . 

e SENSITIVITY TO Ati(x)&A~(x) > 10% FOR 
x < 0.2 - 

146 



FLAVOR DECOMPOSITION 

o.75 I. Hermes preliminary (1995 - Spring 1999) 
i 

0.5 - (Au+A$(u+;) 
+ + 

0.25 - 
a l l 

0 e 0 

0 ______ -----__----------------------- ------- --_-------__- ---- - --_, 
p,-.‘. . . . _..._ _...,._. . . . ..“..i..... . . . . . . . . . . . . . . . ..i 

I 

0.5 - 
(Ad+Ad)/(d+d) 

0 -_--------------------------------------------------- ---------. 
0 ' . 0 0 l + i t 

-0.5 - 

-1 - a 

q4s 
0 

i 

_- _--__ L----+-----0 ---- ----- --- --------------------------- -+ 

-1 -~~ 

FLAVOUR DECOMPOSITION OF QUARK POLARISATIONS 
AS A FUNCTION OF z AT MEASURED Q2. 
FIT OF SEA CONTRIBUTIONS REQUIRES ASSUMPTION: 
CHOOSE SYMMETRIC SEA POLARISATION: 

fks(=c) = Au&> As(x) = . . . = 
QSW - us(x) w 

-+ DIRECTDETERMINATION OF As NOTYETPOSSIBLE 
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POLARIZED VALENCE AND 
SEA QUARK DISTRIBUTIONS 

2’ 0.5 
x 

I- 
I 

..= 
./.- -\ -I 

l HERMES preiim. (‘95 - spring ‘99) 

t 1 -0.4 
I i 

IX 
Q 0.1 
X 

0.05 

0 

-0.05 

-0.1 

0.02 0.1 0.7 

X 

l DATA POINTS EVOLVED TO Q2 = 2.5 GeV2 
l SOLID LINES: GEHRMANN-STIRLING ("GLUON A", 

LO) 
l DASHED LINE's: POSITIVITY LIMITS 
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COMPARISON OF PUBL. HERMES 
DATA TO PARAMETERIZATIONS 

IS a + 
3 
X 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

-k----- De Florian/(l+R) ,,t-‘- -:l, .’ _.__.._. Gli&/(j +R) 
---. (J&k -/ 
---- Gehrmann .I” : , .I I \ .\ \ 

” 
\ \ 

DE FLORIAN AND GL%K PARAMETRIZATIONS 
CORRECTED BY A FACTOR OF (I+ R) TO 
ALLOW FOR A DIRECT COMPARISON. 
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FLAVOUR CONTRIBUTIONS TO 

~NUCLEON SPIN (PUsi. DATA) 

COMPARISON OF THE HERMES INTEGRALS WITH SMC 
RESULTS AT Q2 = 2.5 GeV2 AND IN THE HERMES z- 
RANGE OF 0.023 < 2 < 0.6. THE UNCERTAINTY FOR 

THE LOW EL: EXTRAPOLATION IS NOT INCLUDED. 

HERMES SMC 
0.52 zt 0.05 Jc 0.08 0.59 & 0.08 III 0.07 

-0.19 zt O.ll& 0.13 -0.33 zt O.llzt 0.09 
-0.01* 0.02 rt 0.03 0.02 rt 0.03 St 0.02 
-0.02 zt 0.03 & 0.04 0.02 zt 0.03 ZfI: 0.02 

+ AGREEMENT WITHIN 1 u 

TEST OF su(3)f PREDICTIONS 

TOTAL INTEGRAL SW3>f 
Au+Afi 0.57* 0.04 9.66 It 0.03 
Ad +.Aiii -0.25 60.07 -0.35 * 0.03 
As+As -O.Olzt 0.05 -0.08 zt 0.02 

+ A DEFINITE STATEMENT WHETHER THE INTEGRATED 

POLARIZED QUARK DISTRIBUTIONS VIOLATE su( 3) f OR. 

NOT IS NOT POSSIBLE YET 

-3 PRECISE SEPARATION OF STRANGE SEA CONTRIBUTION 

REQUIRED 
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PROJECTED AQ-ACCURACY FOR 

EXISTING DATA (1995-2000) 

I‘, ____ ,..Q----p----~-----~-----~~---.~~ 

-OS 
\ 0.2 , 

; 0,l 

r O 
-Oil 

.-0.2 
I 

I, i 
>,’ , 

t I 

0.05 O>l 0.3 

PREDICTIONBASED ON 8 x 10" DIS EVENTSINCLUDING 
SEMI-INCILUSIVE Kf ASYMMETRIES, BASED UPON 

(P target) = 0.88 AND (Pbeam) = 0.5 
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INDIRECT DETERMINATION OF AG 

FROM gl(z,.Q2) EVOiJJTION 

IN NLO QCD THE SPIN STRUCTURE FUNCTION 

g&z, Q2) ADDITION’ALLY DEPENDS ON THE POLARIZED 

GLUON DISTRIBUTION AG(z, Q"): 

(Aq +&) @I 1+ $LW~ + ZAG @A& 1 
+ THE PARAMETRIC FORM OF AG(q Q2) CAN BE 

INDIRECTLY DETERMINED FROM &DC NLO FITS TO 

THE ~~~~~~~~~~~~ OF g&, Q2). 

3 _I I II It 11 11 ““I “‘I- 1 1 1’1 

2.5 r 
4 I Q2=1GeV2 . 

1.5 2: ? I 

1 ALTARELLI 

ET AL., 1998 

LEADER 
1 

.2 
ET AL., 1998 

0.5 r 9 ,,’ ‘1 : 
3 E154, 1997 

0 _ 4 SMCJ998 
-0.5 5 

-1 IIll IIII IfI1 1’1’ 1”’ 
1 R&Jr 3 4.5 0 

[Presented by R. Windmolders at DIS-99.1 

OPEN CIRCLES: MS SCHEME, FULL SQUARES: AB 
SCHEME. 

ERRORS ARE STATISTICAL AND SYSTEMATIC ERRORS IN 

QUADRATURE; THEORETICAL UNCERTAINTY IS NOT 

INCLUDED IN THE ERRORS OF (2). 
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DIRECT DETERMINATION OF AG/G 

CAN DETERMINE AG/G DIRECTLY FROM PHOTON- 

GLUON FUSION (PGF) SINCE THE GLUON ENTERS IN 

LO: 

EXPERIMENTAL SIGNATURES 

OPEN CHARM 

RECONSTRUCT D*, Do 

2 3 NC, -Nce 
AlI = 2 3 

Nd 'Nti 

A7P-M - AG/G 

HERMES preliminary 

m(Kzac) - m(k) [GeV/c2] 

D* + JC + vi- + zslovl 

NEED DATA WITH RICH 

OF PGF: 

HIGK-Pr 

PAIRS OF HIGH-pi HADRONS 
A --L 

Nb 

AlI = Ngh 
--N&- 

I h+h- 

+Ns 
h+h- 

A7P+h’h- rv AG/G 

-7i ' I 1 I 1 i 
6.6 0.8 7 1.2 1.4 1.6 1.8 

p? (GeV.c) 

1997 DATA ANALYZED + l *. 
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CONTRIBUTIONS TO A’Yp+h+h- 

MAY 

h+h- 
LO QCD: ASSUME THAT FOUR PROCESSES 

CONTRIBUTE TO THE PRODUCTION OF HIGH-pi 

PAIRS: 

t \ 

VMD 
NEGLIGIBLE CONTRIBUTION ASSUME AVMD = 0 

PGF 
AG 

APGF - 7 

. . ESTIMATE THEIR 

RELATIVE CONTRIBUTIONS 

USING PYTHIA 

0.2 - 
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HERMES RESULT ON AG/G 

ASSUMING NO ASYMMETRY IN VMD CONTRIBUTION 

THE CROSS SECTION ASYMMETRY CAN BE SIMPLIFIED: 

GPGF 
AG 

==: GfPGF + ~QCDC*fQCDC) D 
Q 

iipG~ = -1 CQCDC E 0.5 (HARD SCATTERING ASYM.) 

HERMES RESULT 0.2 

1996/97 DATA 

[PRL 84 (2000) 25841 . . . . . . 

( DOES NOT INCLUDE 

SYSTEMATIC ERRORS DUE 

TO PYTHIA MC) - - - GSA (-G/o> . 0.4) 
GSB (-G/G> - 0.3) 

1.25 1.5 1.75 2 
p? (Gel&) 

-+ AG/G is positive 

AG/G = 0.41 3t 0.18 (stat.) h 0.03 (exp.syst.) 

AT (XG) = 0.1’7’~~~ (~5%) = 2.1 GEV~ 

NOTE: EXTRACTION STRONGLY MODEL DEPENDENT 
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FUTURE MEASUREMENTS OF THE 
GLUON POLARIZATION 

9 ’ - 6 TESLA-N pairs of high 0~ hadruns 100 fb’l St 250 G@V 

c!J - n HERMES pairs of high pi hadron? until 2005 
4 0.8 - A COMPASS &rs of high fi hadrons 2.0 fW’ at 200 GeV 

- 0 STAR at RHIC direct photon + jet 320 pb-’ at -6~ 200 GeV 

-. *. -----------------------------------------~ ,,,,,,,,,,,,,,,,,--;----------- *. 0 

E 

- GSA(L0) 

-0.2 ----I GSB (LO) 

0.2 

I I I II.,, I I I 

IO4 10-l 
xgl"o" 

PHENOMENOLOGICAL PREDICTIONS FOR Q2 = 10 GeV2 

HERMES POINTS IN THE FIGURE: 
DATA WITH LONGITUDINAL TARGET. POLARIZATION, 
ORIGINALLY PLANNED UNTIL 2005, ARE TO ABOUT 
80% ALREADY ON TAPE THANKS TO EXCELLENT HERA 
CONDITIONS IN 2000 AND DUE TO AN IMPROVEMENT OF 
THE TARGET DENSITY BY ABOUT A FACTOR OF 2. 
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TRANSVERSITY MEASUREMENT 
THROUGH THlE COLLINS EFFECT 

WEIGHTED ASYMMETEY 

[MCJLDERS, TANGERMANN 96, KOTZINIAN, MULDERS 971 

I i - h plane 

FACTORIZATION w.r.t. LE AND Z: 

AT(X,Y,Z)= f l PT. J%,* 

C, ez 6q(x) H,I(l)Q(z) 

cqeq Q(X) w4 

D 7tn. = (Z- y)/(l- y+y2/2): TRANSVERSE SPIN 

TRANSFER COEFFICIENT 

157 



TRANSVERSITY MEASUREMENT AT 
HERMES: FUTURE PROSPECTS 

PROJECTIONS FOR bu(z) AND H~c’)“(~)/D~(~) ON A 

PROTON TARGET 

1.8 

0.6 

1 
0’ o~lll’lD1llgl’l~*lg~l’ 

10-l 0 0.2 0.4 0.6 0.8 X : 

PROJECTIONSFOR&.L(~)+~~(Z) AND Hf@)“(z)/D~(z) 
ON A DEUTERON TARGET ~ 
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MORE HERMES DATA TO ANALYSE... 

Hermes 2000 Online Analysis 

0- 
0 50 100 150 200 250 

Days of Running 

7 MILLION DIS EVENTS FROM POLARISED 8 ON TAPE; 
ARE CURRENTLY BEING ANALYSED. 
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SUMMARY 

l NEW PRELIMINARY HERMES RESULTS FOR THE 
SPIN STRUCTURE FUNCTION g1 

- FOR THE PROTON IN THE EXTENDED KINEMATIC 
RANGE 0.0021 < =1: < 0.0212 AND 0.1. < Q2 < 
0.8 GeV2 . 

- FOR THE DEUTERON‘IN THE KINEMATIC RANGE 
0.0212 < CC < 0.85 AND Q2 > 0.8 GEV~ 

l VERY GOOD AGREEMENT FOR RESULTING gl/ Fl 
VALUES WITH OTHEREXPERIMENTAL DATA 

=+ NO STATISTICALLY SIGNIFICANT Q2 DEPENDENCE 
OBSERVED FOR BOTH PROTON AND DEUTERON 
.gl/ Fl VALUES 

.- FOR DEUTERON ANALYSIS 6 TIMES MORE 
STATISTICS FORTHCOMING IN FULL HERMES 
KINEMATIC RANGE 

; Ach> 
1 MEASURED ON yl!8e, g AND 6 TARGETS 

l QUARK POLARISATIONS EXTRACTED FOR UP AND 
DOWNQUARKSWITHGOODSTATISTICS. ALTERNATIVELY 
FOR VALENCE AND SEA QUARKS 

l POLARISATION OF UP QUARKS POSITIVE, OF DOWN 
QUARKS NEGATIVE. POLARIZATION OF SEA QUARKS 
COMPATIBLE WITH ZERO WITHIN ERROR BARS OF 
PRELIMINARY ANALYSIS 

l HADRON PAIR ANALYSIS INDICATES THAT SIGN OF 
POLARIZED GLUON DISTRIBUTION IS POSITIVE AT 

Xgluon = 0.17 
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Nucleon Spin Structure Functions in the Chiral Quark Soliton Model 

M. Wakamatsu 

Department of Physics, Faculty of Science, 
Osaka University, Toyonaka, Osaka 560, Japan 

Undoubtedly, the EMC measurement in 1988, which brought about the so-called “nucleon 
spin crisis”, and the NMC measurement in 1991, which has established the flavor asymmetry 
of sea-quark distributions in the nucleon, are two of the most striking findings in the recent 
experimental studies of nucleon structure functions. A prominent feature of the chiral quark 
soliton model (CQSM) is that it can simultaneously explain the above two big discoveries in no 
need of artificial fine-tuning of the model. In this lecture, I will try to explain the reason why 
the model is so successful in explaining high-energy deep-inelastic observables of the nucleon. 

In the f?rst part of the lecture, I would like to recall you several basic facts about the 
CQSM, first confining to the standard low-energy observables of the nucleon. After that, how 
the model can be used to study parton distribution functions of the nucleon will be explained. 
Particularly emphasized here is the field theoretical nature of the model, which enables us to 
carry out nonperturbative evaluation of the parton distribution functions with full inclusion 
of the vacuum polarization effects. It is shown that -an incomparable feature of the CQSM as 
compared with many other effective models of the nucleon like the MIT bag model is that it 
can give reasonable predictions not only for quark distribution functions but also for antiquark 
distributions as exemplified by the argument on the positivity constraint for a(z) + d(s) and 
also on the Soffer inequality for antiquark distributions. 

The second part of the lecture is devoted to the comparison of various model predictions 
with the existing high-energy data. It is shown that, without introducing any adjustable 
parameter except for the initial-energy scale of the Q2-evolution, the model can explain all the 
qualitatively noticeable features ofthe recent high-energy deep-inelastic scattering observables. 
It naturally explains the excess of d sea over the e sea in the proton. It also reproduces 
qualitative behavior of the observed longitudinally polarized structure functions for the proton, 
neutron and the deuteron. The most puzzling observation, i.e. unexpectedly small quark spin 
fraction of the nucleon can also be explained in no need of large gluon polarization at the low 
renormalization point. As a further unique prediction of the model, I point out the possibility 
of large isospin asymmetry of t-, ho spin-dependent sea-quark distributions, which seems to be 
a natural consequence of the NC-counting rule, but appears inconsistent with the naive meson 
cloud convolution model. Then, if this large asymmetry of the longitudinally polarized sea is 
experimentally established, it would offer a strong evidence in favor of nontrivial spin-isospin 
correlation imbedded in the “large N, chiral soliton picture” of the nucleon. The model can 
give reasonable predictions also for the transversity distributions as well as the higher-twist 
par-ton distribution functions. It is hoped that these unique predictions of the CQSM will be 
tested through various experiments in the near future, which enables the flavor as well as the 
valence plus sea quark decompositions of distribution functions. 
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Nucleon Spin Structure Functions 

in the Chiral Quark Soliton Model 

. RIKEN School, Niigata, Yuzawa, Dec. 2-5, 2000 

/Plan of Lecture1 

-part I- 

.l. Introduction 

2. Fundamentals of Chiral Quark Soliton Model 

3. CQSM and Parton Distribution .Functions 

-part II- 

4. Comparison with High Energy Data 

5. Conclusion 
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Nucleon Spin Structure Functions 
in the Chiral Quark Soliton Model 

M. Wakamatsu, Osaka University 

1. Introduction 

two big discoveries in nucleon structure function physics 

a EMC measurement (1988) u “Nucleon Spin Puzzle” 

l NMC measurement (1991) ‘L) “Flavor Asymmetric Sea’” 

nucleon st3in puzzle . 

still unsolved completely 

widely-accepted explanation of NMC observation 

pion cloud effect 

manifestation of nonperturbative QCD dynamics (SxSB) 
in high-energy deep-inelastic scattering observables ! 

$ A prominant feature of the Chiral Quark Soliton Model 
is that it can simultaneously explain the above two big 
observations in no need of artificial fine-tuning ! 
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What is the Chiral Quark Soliton Model like ? 

l it is a relativistic field theoretical model effectively 
incorporating the idea of large Nc QCD 

l at large N, , a nucleon is a composite of N, valence quarks 
and infinitely many Dirac sea quarks bound by the self- 
consistent pion field of hedgehog shape 

l cannonically quantizing the spontaneous rotational mo- 
tion of the symmetry breaking mean field config- 
uration, we can perform nonperturbative evaluation 
of any nucleon observables with full inclusion not only of NC 
valence quarks but also of deformed Dirac sea quarks 

reasonable estimation of antiquark distributions 

l only 1 parameter of the model (dynamical quark mass 
A&) was already fixed by low energy phenomenology 

/parameter-free predictions for PDF1 

at low renormalization scale 

166 



2. Fundaxnentals of Chiral Quark Soliton Model 

milestone in the historv of CQSM 

[1988] D. Diakonov, V. Petrov and P. Pobylitsa 

l proposal of the model based on 

instanton picture of QCD vacuum 

( Skyrme model, Hybrid chiral bag model, . . . ) 

[1991] M. W and H. Yoshiki 

l numerical basis for nonperturbative evaluation 
of nucleon observables including vacuum polarization 

l spin contents of the nucleon 

[1993] M. W and T. Watabe 

l discovery of novel l/Nc correction 

- resolution of gA-problem - 

[1996,1997] D. Diakonov et al. 

l application to PDF of the nucleon 
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basic lagrangkm 

no kinetic term for 7r(x) 

effective action 

1 Seff VI = -iN,Splog[i ~--IMP] / 

where 

spa S /d4x trftry(x161x) 

effective meson action from derivative expansion 

seffl%l = Skyrmion action with W-Z term 

+ destabilizing 4th deriv. term 
+ . . . . . . . . . 
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Sol&on construction without using derivative expansion 

\+.Y 
4- 

Bf 4 I’ 

Dirac ea. 

[step1 : start with static n(z) of hedgehog shape 

F(0) - F(m) = n7r 

n : winding number 

w(2) = F F(r) 

M.F. for quarks 

H= 
a!-v 
-+M,f3 (cos F(r)+i “/s r-1 sinF(r)) 

i 

breaks “rotational” invariance 

B=l 

c I&H) 

Energy of 1 QH > 

E static = NC Eo + J%,.~. 

E v.p. N NC ( C Em - x ek ) + regularize (physical cutoff) 
m<O k<O 

Hartree condition 
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Numerical Method 

o principle idea is numerical diagonalization of Dirac hamil- 
tonian H by using Kahana-Ripka’s discretized plane- 
wave basis , 

(1) discretization of plane-wave momentum is achieved 
by putting the so&on system into a sphere with 

large enough radius D 

(2) basis is finitized by truncating momenta 

justification 

4 numerical check of + 00 limit 

need some modification of K-R basis for evaluating 
next-to-leading order correction in ~/NC expan- 
sion discussed later (M. W. and H. Yoshiki, 1991) 

u 

nonperturbative evaluation of vacuum polarization effects 

,170 



(2ndstep/ : quantization of collective rotational motion 

l energy degeneracy under isospin (spatial) rotation 

Estatic[R UJ5Rt] = Estatic[U~5] : R E SU(2) 

u 

l spontaneous rotation of hedgehog mean-field (‘(zero mode”) 

uyx, t) = A(t) UJ5(x) At(t) : A(t) E SU(3) 

then 

seff[Ul = -ilv, Splog[i g-MA(t) U0”15(x)At(t)] 

= -iNcSplogA(t)jo(i&-H-R)A+(t) 
= -iiv$3plog(i&H-5-q 

with 

we then get 

i-2= -i At(t) A(t) c i R,T~ 

: collective angular velocity 

SP-ff VI = seff[UOl + {Seff[U] - Seff [UO] } 

= Se&Jo] - iN,Splog l St 
i& - H 
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perturbative expansion in !J 

where 

I ab G - 
:. F<O 

<nhIm><d~bIn> = Sab I 

m> ,n- Em-En 

with 

I =- 
4 c 

<nlT31m><mlT31n’ : moment ofinertia 
m>O,n<O Em-En 
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effective lagrangian 

Seff IPI E T - L,ff[U] 

with 

canonical quantization : (crude argument) 

Qz w time derivative of collective coordinate 

canonical momentum : j, N dLef f 
aL 

= 1n2, 

then 

H eff = j, R, - Lef f 
j2 

= Gmic[ uo] + ; = &tatic[ Uo] + HTot 

& : collective angular momentum operator 

H Tot : hamiltonian of classical symmetric top 

eigenst ate of HTot 

2J+l 
87r2 - ( 1) T+T3 . dJ) [A] . -T3,J3 ~ 

Wigner rot ation matrix 
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nucleon observables : (M.E. of quark bilinear operator ) 

collective rotation 

uyx, t) = A(t) Uoy”(x) Aj(t) 

v 

with 

zjp - = At(t) y” Op A(t) 

perturbative expansion in L? : ( N l/NC expansion ) 

1 1 1 
i&-H-Q = i&-H + iai - H 

a 1 +... 
i& - H 
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final answer for nucleon observables 

(J’M;M& 10 1 JMJMT) = J DA @$$[A] (o), $&Q[A] 
with 

(0) A = (O)f) + (O)f) + - -- 

o(nO) : leading NC term 

(0) 2’ = NC c (nlm-4 
ns0 

diagonal sum over occupied states (valence + sea) 

O(!iY) : l/NC correction term . 

(O)(l) A 
= 2 m,&o Em y E [(nl~lm)(ml~ln)+(~~R)l 

9 - n 

transition from occupied to nonoccupied states 

M.(..._..L,---.) 
c \ c-2 0 . . . . . . . . . . . . . . . . . . . . . . . . . . a 

-M 
/ ;:I / 

. . . . . . . . . . . . . . . . . . . . . . . . . . 
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model needs regulariiation 

sefflPl = -iN,Sp log[i #I-MUY5] = 
where 

12 WI 
d”k =iJ7 
(2 1 

M2 ’ . (k2 - M2)2 - log divergence 

Pauli-Villars kerrularization scheme 

S w = 
eff - 

then 

2 M2 2 
reg 

I2 = .12(M) - ~~(MPv) ='g 1s 

NC ( 1 2 

sM2 1% 
MPV - = 

M 
f ," * MPV 

other observables 

(0) 7 = (0) 
M 

-, (0) MPV 
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3. CQSM and Parton Distribution Functions (PDF) 

quark distribution functions 

1 

x pv = .o> I #(o) 0 ?%4 I N(P = o>\ I.&-zo,zi=o 

nucleon matrix element of bilocal operator 

taking fYu.ll account of this nonlocality ! 

Novel Npt deDendencies of twist-2 distributions 

f 
44 + 44 N lhTc [0(0°) + 0 ] - WY3 

44 - 44 e+, Nc [ 0 + O(@)] N o(N,o> < 
Au(x) + Ad(x) N Nc [ 0 + O(@)] r+, w:) 

Au(x) - Ad(x) N NC [O(QO) + .qm - O(N,1) + pQ 
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basis of analysis 

W(P) I Tw 0 i44 I WY) 

composite operator carrying the quantum numbers J Js, TT3 of the nucleon 

rotational zero mode 

uyx, t) = A(t) Uoy”(x) At(t) : A(t) E SU(2) 
variable transform : .$(x) + GA(X) = A(t) q(t) 

4 
perturbative expansion in 0 
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2 new features in PDF calculation 

1. !A can operate between 0 and x0 ! 

2. nonlocality (in time) of At(O) 0, A(& 
novel nonlocality correction 

Ai(0)O,A(zo) = At(0)O,A(O) + q~@(@)Oa@) + --- 
= Ai(zO)OaA(q,) - x0 A+(zo) O,A(a,) + - - - 

in quantization : ( R, 3 jalr ) 

A+(O) 0, 4x0) --) A+O,A + ; z,(A+O,AA+&~+AA+~,A) 

= 0, + i%,;{n,8,} 

2md term : 0 ( R1) correction from nonlocality 
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schematically 

where 

1 
q(x) = G J-t dzo eixMNzo 

x J DA \TIg&,[A] (O(~,~O>>A ~k&~#l 

(o(O, Zo))A = O(OO) + O(@) + **- 
with 

O(QO) = 
-0 20 
:: ” 

O(R1) = 

+ 

+ 

i-2 

0 20 : 
I 

Q 
I 0 zo 

! 

R 
I 

A 
0, 20 

+ i%(-J$ R I I 
I ’ 

+ 

+ 

+ 

-+- 
%O 

O(CP) correction resulting from 
exphsion of At (O)O,A(zo) in zo ’ 

nonlocality correction in time 
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sample form of O(fl”) contribution 

%x)-Ad(~) = (~~J)~+-Mv NC C (nl (1+y”y3)~56,1n) ns0 

with 

4-h f S(XMN - En - $3), (-1 < x < 1) 

samDle form of O@) contribution 

Au(x)+Ad(x) = [ A~(x)+Ad(x)]~~,Bj+ [Au(x) + Ad(x) \ , 
nonlocality correction 

with 

[Au(x) + Ad(x)]~j,Bj = (2 J3&+ - MN 

xm-a~n<o Em?E (n1r31m)(m - 7 - n 

NC 
21 

73 (I+ Y”Y3) 75 S, 1 n > 

[Au(x) + Ad(x)]!’ = (2 J3& - 2 

x 2 ~o(n173(1+yOy3)yj6,1n) 
n- 

from 

1 G /-“, dzo i z. ei CxMN-En-@3) 20 = & 2 S(XMN-E,-Ik) 
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4 naive expression for Au(x) + Ad(x) 
obtained with ignorance of nonlocality effects 

&L(X) + Ad(x) = (2&&+ - MN 21 

x n-An<0 Em Y. E 
(nl7-3 Im) (ml 73 (I+ 7’ T3> 75 6, In> 

, - n 

- from occupied to nonoccupied - 

u 

importance of nonlocality effects (NLE) 

1.5 I 1 1 

Au(x) + Ad(x) 
1.0 - 

without NLE 

0.0 

Au(-x) + Ad(-x) = [Au(x) + Ad(x)] (0 <x < 1) 
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4. Comparison with High Energy Data 

l only 1 parameter of the CQSM (dynamical quark mass 
M) is -fixed from the analyses of nucleon LE observables M= 375 MeV ( this gives Mpv N 562 MeV) 

u 

parameter free predictions for PDF 

l use predictions of CQSM as initial-scale distributions 

u(x), fi(x), d(x), J(x), Au(x), A@), Ad(x), A@4 

s(x) = s(x) = 0, g(x) = 0, As(x) = As(x) = 0, Ag(x) = 0 

l scalle dependence of PDF : (setting N, = 3) 

IFortran Program of DGLAP evolution eqs. at NLO 

provided by Saga group 

initial energy scale is fixed to be 

Q 
2 
ini = 0.30 GeV2 N (550 MeV)2 
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model predictions for twist-2 PDF 

1 .o 
t 

Au(x) + Ad(x) 

-10.0 ’ I I I I 
-1 .o -0.5 0.0 d.5 1.0 

X 

(b) 
2:o 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-0.5 l---L-J 
-1.0 -0.5 0.0 0.5 1.0 

X 

(d) 
3.0 0' 

1.0 -0.5 0.0 0.5 1.0 
X 

I 1 

-1.0 i. 
-1.0 -0.5 0.0 0.5 1 .o 

X 

u(--2) It d(-x) = -[u(x) *d(x)] (0 < 2 < 1) 

Au(-x) + Ad(-x) = Ati 31 Ad(x) (0 < 2 < 1) 
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complete set of twist-2 PDF 

44 
A&) 
Wx) 

Soffer inequality 

I xt Mx)l 

: unpolarized distribution 

: longitudinally polarized distribution 
: transversity distribution 

L f (*4(x) + k?(x)> 
x>o 
x<o 

with Dirac-sea quarks 
3.5 1 I I I 

I 
- (+u(x)+Au(x))/2 

with Dirac-sea quarks 
2.0 r s I I I I 

1.5 - 

1.0 - 

0.5 - 

0.0 

valence-only approx. 
3.0 1 I I I I 

2.0 i”‘““‘^“--;$j , 

I 
1 .o : I 

lWx)l 

0.0 --\I 
\ 

L,' 
^^-.e... . . . . . . . . . . . . . . . 

-1.0 ' I I I I 
-1 .o -0.5 0.0 0.5 1.0 

X 

valence-only approx. 
1 1 I I 

0.5 0.5 

0.0 0.0 _.......... _.......... . . .-. .-. 

-0.5 -0.5 

-1 -1 .o .o 
-1.0 -1.0 -0.5 -0.5 0.0 0.0 0.5 0.5 1.0 1.0 

X 
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comr>arison with NMC data 

0.05 

0.7 

0.6 

0.5 

0.4 

0.3 

> 0.2 
11 0” 

I 

10-l IO0 

X 

F”,(x) / Fp,(x) 
~2” = 4GeV’ 

Gottfried sum 

I 
1 F;(x) - F,“(x) dx 1 

SG = o 
X 

= ; + h {u(x) - J(x) > 

1 
S$(Q” ='4GeV2) N 0.204 < 3 

SFp(Q2 = 4GeV2) = 0.228 410.007 
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Fig.3 

1.5 

1.0 

0.5 

0.0 

d(x) - U(x) 

--m-m theory : Q2 = 54.OGeV’ 

NMC : Q* = 2.3GeV2 

HERMES : Q* = 54.0GeV2 

X 

a(x) > U(X) in the proton ! 
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comparison with EMC and SMC data . 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.9 

(a> (a> 

I I l- I 

X 

04 
0.1 3’ 

0.0 
-0.1 
-0.2 
-0.3 
-0.4 
-0.5 
-0.6 

-O.&y - ’ ’ ““‘I I 
10-l IO0 

X 

cc> 
0.3 
0.2 
0.1 
0.0 

-0.1 
-0.2 
-0.3 
-0.4 

0.04 

0.03 

0.02 

0.01 

0.00 

X 

(4 

I 

X 

good reproduction of neutron data 

u 

manifestation of chiral symmetry in high energy obser-&-Jes ! 
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isospin asymmetry. for spin-dependent sea quark distributions 

4.0 

3.0 

2.0 

1.0 

0.0 

-1 .o 

-2.0 

-3.0 

-4.0 
~ 

-5.0 I 
1 o-2 

T 

:r;: 
Darametrization bv Morii and Yamanishi 

Ad(x) - Au(x) = cxa (J(x) -a(x)) / 

C- -3.40 (< 0), a = 0.567 

fitting the wediction of CQSM 
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ICI > 1 is consistent with NC- counting 

L&(x) - M(x) N WC) 
u(x) - l(x) N O(N;) 

strong correlatioq between spin & isospin imbedded 
in the hedgehog configuration 

9 compare ! 

Meson Cloud Convolution Model would not lead 
to large spin polarization of sea quarks, since . 

0 pion carries no spin 

l heavier meson clouds are much weaker 

Some other supports 

o D. de Florian’ and* Sassot, P.R. D62 (2000) -094025 

3 
polarized DIS 

A$ Z) > 0, but Al(x) undetermined ! 

l R.S. Bhalerao, hep-ph / 0003075 
. 

semi-theoretical analysis (statistical model) 

u 

Ati > 0 > As(x) > Ad(x) 
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spin and orbital angular momentum distribution functions 

0.8 

0.6 

0.4 

on2 

0 
a 

I I. I 

0.0 

1.5 

1.0 

0.5 

0.0 

-0.5 
-1.0 -0.5 0.0 0.5 1.0 

x 
-0.5 0.0 

x 
0.5 1.0 

nucleon spin contents at low renormalization point 

quark antiquark total 

nc 0.40 - 0.05 0.35 

24 0.46 0.19 0.65 

AC+2L, 0.86 
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Comparison with recent lattice QCD calculation 

N. ,Mathur et. al. , hep-ph / 9912289 

from analysis of energy momentum tensor form factor 

(Jqucwk) N 60% 

combining with the previous estimates for (AX) 

h 2 
N25% 

Compare with 

60% 

60 % 

+ (Lq) + (Jghm> = ; 
N35% N 40% 

CQSM 

N 21% 

interesting common feature 
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scale dependencies of nucleon spin contents 

0.8 

0.6 

0.4 

0.2 

Qziti= 0.30 GeV2 

1’ - UQ2J 
c 1 

0 SMCdatafmE(Q2) 

20 40 60 
Q2(GeV2) 

0)) 
0.8 I I I * I 

L4(Q2) ----m------ 

0.0 \\I 

-0.2 \\‘, 

-0.4 
i 

-\ --a- ---- Lp(Q2) 

i 
------ 

-0.6 1 
0 20 40 60 

Q'(GeV') 

initial energy scale of DGLAP equation 

QF&NLO) = 0.30 GeV2 

Sk; (LO) = 0.23 GeV2 

NLO 

AX (Q2 = 10 GeV2) = 0.31 e L!&&fc = 0.22rfIo.17 
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1st moment sum rules (axial and tensor charges) 

R.L. Jaffe and X. Ji, N. P. B375 (1992) 527 

gp3’ = /d dx* { [Au(x) + Lqx)] zt [Ad(x) + Al(x)] } 
g&On = 6 dx { [ &h(x) - &(x)] XII [ S&(x) - 6J(x)]} 

NRQM 

(3) 
34 

(3) - 5 
= gT - j 

MIT bag model (with lower component) 

1 gy = “./ (fL -cl”>7 3 .3 
gp = 5 3./ (s2+$12) 

Sk”’ = 1.1 (f”- ig2), g& 1.1 (f2+ $2) 

where 

ti 
( 

f (4 xs g.s. = g(r) i d ’ + xs 1 

important observation: 

gyigy = gy/gp = 315 

u ’ 

limit of valence quark model without chiral symmetry ? 
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axid versus tensor charges 

CQSM MIT-bag Lattice &CD*) Experiment 

Sk”’ 
1.254 III 0.006 

1.40 1.06 0.99 
( Q2-indep .) 

0.31 zt 0.07 Sk”’ 0.35 0.64 0.18 1 

(Q2 =lO GeV2) 

&' 1.22 1.34 1.07 - 

.g$? 0.67 0.80. 0.56 - 

d?/d? 0.25 0.60 0.18 0.24 

g$v&) 0.55 0.60 0.52 - 

*) Y.Kuramashi, at Quark Lepton Nuclear Physics, (RCNP), 1997 

l qualitative difference between transversity distributions 
and longitudinally polarized distributions 

&‘/gf’ 
= gp/gp (NRQM, MIT bag model) 

(0) (3) (0) (3) 
gA /gA << !?T /gT (CQSM, Lattice) 
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Single target-spin asymmetries in semi-inclusive pion electroproduction 

e+p’+e’+7f+X 

kinematics 

S= 2P.1, q = l-l’, x = Q2/2P.q, y = 2P.q/s 
asymmetries measured :by HEREMES 

AW s d$ dy W(4): (do+/S;: dx dy d$ ‘- da-/S;; dx dy dcj) 
UL = ; s dq5 dy (da+/S& dx dy d# + do-/S;; dx dyd$) 

with 

W(4)’ = sin4 or sin2q5 

sj!j : nucleon polarization 
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theoretical analysis 

l A. Kotzinian, N. P. B441 (1995) 234 

l P.J. Mulders and R.D. Tangerman, N. P. B461 (1996) 197 

l K.A. Oganessyan et al., hep-ph/9808368, hep-ph/0010261 

2Mr ~2(X,YJ) 

(PrT) ’ &(x, Y, 2) 

where 

M 
I2(x,y,x) = 2(2-Y)di=Q c e2, . 

x x2 hi(x) - % H,l(l)a(%) - x h;pa 
{ (4 * Ha(z)) 

+ (1 - Y) 4=i 
2Mx 

Q =’ 
e2 x h;“(x) - z Hf(1)a(z) 

13(x, Y, 4 = 4 (1 - Y) c el x k&‘)‘(x) . x2 Hi”‘” 
a 

$ II, I2, I3 depend on 

4 distribution functions 3 fragment at ion functions 

fi(47 _hl(4 hL(X), G%) 

chiral odd time-reversal odd 
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fragment at ion function 07 (z) 

quark q ULZ .. 

hadron-jet 
total momentum p 

l longitudinal momentum fraction of a hadron h with 
momentum ph 

ZE 
ph l P 

IPI 
2 

l ’ probability of finding the hadron h with the mo- 
mentum fraction between x and z + dx 

Df’h(z) dx 

relatively well-determined from 

See, for example 

l J. Binnewies, B.A. Kniehl and G. Kramer, 
Z. Phys. C65 (1995) 471. 
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time reversal-odd fragmentation function 

P = XP + kT 

transvers‘eYmomentum 

k; = -%kT 

T-odd leading twist F.F, giving the probability of a 
spinless or unpolarized hadron to be created from a trans- 
versely polarized scattered quark 

subleading T-odd fragmentation function : g’(z) 

ii”(z) = x $ (x H:(l)‘@)) 

l existence of T-odd fragmentation Eunctions (Collins 
mechanism) opens up new possibility to measure chiral- 
odd PDF in semi-inclusive deep-inelastic scatterings 
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chiral odd distribution functions 

h;“(x) : transversity distribution function 

h;(x)’ = 
\ J interadim-dep. part 

twist-2 part 

h$)“(x) = /,’ dy [h:(y) ,’ h’?(y)] 

2 frequently used approx. 

approximation (i) : Y-W type-approximation 

h;(x)- = 2~ /,’ dy’m 
Y2 

/$l)” x = h?(Y) 
1L ( 1 -x2 /,’ dy - 

Y2 

approximation (ii) : 

hL(z) = h(x) 

4- 

hL(l)a x = 0 
1L ( ) 

. . adovocated by HERMES group 
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theoretical predictions of CQSM at Q2 = 2.5 GeV2 

using model predictions for h:(x) and h:(x) (a = u, d, U, d) 

u 
MY) 

G(x) = h;(x) - 2x /,’ dy y2 

GPU(4 = /,’ dY WXY) - h?(Y) 1 

2.0 

1.0 

0.0 

-1.01 ’ ’ ’ . ’ ’ 
0.0 0.2 0.4 0.6 0.8 1 .o 

X 

I . I 3 1 * 1 ’ 

0.0 0.2 0.4 0.6 0.8 1.0 

X 

-0.6 ’ ’ ’ . ’ ’ ’ ’ ’ ’ 0.0 0.2 0.4 0.6 0.8 1.0 

X 

Cd) 
0.10. I I 1 ' 

0105 - d --- h;;“(x) 

-0.15 - 

-0.20 I . I . 1 . ’ ’ 
0.0 0.2 0.4 0.6 0.8 1 .o 

X 

201 



HERMES experiments : sin q5 and sin 2g) asymmetries 

0.09 

0.07 

0.05 

0.03 

0.01 

-0.01 

-0.03 

-0.05 

(4 j 
1 

IT+ . 

----- 

sin24 

0.4 0 0.1 0.2 0.3 

x .; 

(W 
0.04 t--‘--“-l 

0.02 

0.00 

-0.02 

-0.04 

-0.06 

-0.08 

b&-d . “or:; . . . . _. . . . . . . . . - _ . _ _ _ . . ._. . . . . ---_ T- ---_ 

t 
4 sin@ 1 

I 
7c- 

-0.10 ) 0 0.1 . . 0.4 

X 

l HERMES group advocates that obseqed small sin 24 asym- 
metry is consistent with the ansatz 

h$)(2) = 0, or hL(X) = k(x) 

l while CQSM (as well as MIT bag model) indicates 

h(x) # h(x) 

need more accurate measurements ! 
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Asymmetry for a target polarized transversely to electron beam 

more direct measurement of hl (x) ! 

under dominant-flavor-only approximation for F. F. 

T+ : ; h?(x) + ; h!(x) 

7-r-- : ' d G h,(x) + ; h:(x) 

(a) 03 
0.10 , . I , 1 I 

0.05 - (4/9)hd,(x) + (l/S)h',(x) 

- full 

--- quarkonly 

- full 

--- quarkonly . 

0.00 _.........____.......................... . . . 

-0.25 - . 

-0.20 3 -0.30 k 
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

X X 
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5. 

6 

Conclusion 

An incomparable feature of the Chiral Quark 
Soliton Model as compared with other effective mod- 
els like the MIT bag model is that it can give rea- 
sonable predictions also for the antiquark dis- 
tribution functions as exemplified by the argu- 
ment on ’ 

0 possitivity constraint for G(x) +2(x) 

l Soffer inequality for antiquarks 

it can explain 

without any adjustable parameter 

l excess of &sea, over a-sea in the proton 

l qualitative behavior of experimentally measured po- 
larized structure functions go, ST(z), g?(z) 

l smali quark spin fraction of the nucleon , 
in no need of large gluon polarization 

at low renormalization scale 

204 



further unique prediction 

l large isospin asymmetry of spin-dependent 
sea-quark distributions 

Ad(x) - &i(x) < 0 
a 

a natural consequence of .ZVc - counting rule 

II 
but seems inconsistent with naive 

Meson Cloud Convolution Model 

CQSM can give reasonable predictions also for 

4 
l transversity distribution : h-#) 

a twist-3 PDF : eQ(x>, 9g4, h&l 

which will be tested by near-future experiments of var- 
ious kinds, which enables 

flavor 
valence @ sea 

decomposition of PDF 
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RHIC Spin Physics 

Gerry Bunce 
RIKEN-BNL Research Center 

Summary 

RHIC begins a program colliding polarized protons at high 
energy, root(s)=200 GeV, next year, 2001, and at energy root(s)=500 GeV 
in following years. This will be the first polarized proton collider. 
The high energy, and the high luminosity of CHIC spin, will provide 
polarized quark probes of the spin structure of the proton which are 
well into the domain where perturbative QCD describes the scattering 
processes. 

RHIC spin will complement the beautiful work on proton 
spin structure using lepton probes. The RHIC spin probes, polarized 
quarks, and possibly polarized gluons, are strongly interacting and, 
thus, directly access the spin structure due to the gluons in the proton. 
And, RHIC will separately measure u, d, ubar, and dbar quark polarizations 
in the polarized proton through parity violating W boson production. 

The first lecture focuses on three CHIC measurements: 

--gluon polarization using direct photon production; 
--U, dbar, ubar, d polarization using parity violating W production; 
--searches for quark substructure and new Z' bosons by searching for 

parity violation in jet production. 

The second lecture discusses the physics of polarized proton 
acceleration, including the successful acceleration and storage of 
polarized protons at RHIC this September, which was the first use of 
a Siberian Snake at high energy. A new method of measuring proton 
polarization was developed for RHIC. The lecture introduces the RHIC 
detectors for spin, PHENIX, STAR, and pp2pp. Finally, the RHIC 
sensitivities are compared with deep inelastic scattering measurements. 

Many RHIC spin topics .have not been included. During the school, 
Professor Jiandong Ji told me of a remark by Professor Weisskopf for 
lecturers: "Discovering a little is better than covering a lot." To list 
a few of the missing: ubar/dbar ratio.from W production and measuring the 
gluon distribution using directly produced photons, both for unpolarized 
(spin-averaged) data; transversity quark polarizations which, when compared 
with longitudinal polarizations, will not have a gluon contribution; single 
transverse spin asymmetries in the BRAHMS experiment; jet and fragmentation 
probes of the gluon polarization, and also others. Many are discussed in, 
and these lectures are based on, "Prospects for Spin Physics at RHIC", 
written by Gerry Bunce, Naohito Saito, Jacques Soffer, and Werner Vogelsang, 
published in the Annual Reviews of Nuclear and Particle Science 2000, page 
525-575, or see htto://arXiv.ors/abs/heo-oh/OOO7218. 
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Fig. 3. Ratio of spin-parallel to spin-anti~arallel p-p elastic cross-sections 
plotted against Pt for fixed energy and fixed angle experiments. 
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--p + 7r- asymmetry as a function of A0 transverse mo- 
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Criteria for The Maximum Discovery Poteritid: 
. 

l Look where most theorists predict that nothing will be found. 

l Look in a channel where the known rates from conventional pro- 
cesses axe small, &ce low background implies high sensitivity 
for something new. 

l Be the first to explore a new domain-something that has never 
a been measured by anybody else. 

230 



C 

> 

z 
\ 

w 
E 
0 

- 

c 
b= 

‘0 ct 
9 

-35 
IO 

-36 
IO 

-37 
IO 

-38 
IO 

-39 
10 

-48 
IO 

-41 
IO 

QUARK SU8STRtJCTURE - 

A=CD 

I1111I~~1rI~111I111d~1~11 

0 50 100 150 200 25 

IO5 

IO4 

IO3 

IO2 

IO’ 

IO0 

0 

o*to -0.30 
_ - ____I _---.- _ . -.. .---1. -- . -.-_ 

231 



NUMUtiK 8 PHYSICAL REVIEW LETTERS 24 FEBRUARY 1992 

Inclusive Jet Cross Section in. j’ip Collisions at & - I .8 TeV 

(CDF Collabar~lion) 

~,,,,lllll!lrl~‘!l!I!~!I!! 
0 ICO 200 333 ‘co :co 

E, Kev! 

FIG. I. Inclusive E, spectrum for a cone size of R -0.7, 
tiveraged over the pseudorapidity interval 0. I 5 1~1 15 0.7. The 
curve rcprcsents the predictions of a next-co-lcuding-order QCD 
calculation by Ellis. Kunszt. und Soper (31. The error burs on 
\he data represent stukAical tend &-dependent systcmutic er-.. 
rors. An overall normalization unccrtninly is also indicated. 

1106 

VOLUME 68, NUMBER 8 PHYSICAL REVI 

- a) ,- . 

,J - 
, :!::I:t:j/::..!‘. .!<#! 

, I , ’ 1 

0 co 200 300 QOO.. 500 
E, (Gev) 

FIG. 2. The inclusive jet E, spectrum-lo; i -0.7 compared 
to theory as the rulio of (data - rhcory)/lheory. The upper plot 
(3) illustrlltcs the thcorctical uncertainty associated with varia- 
tion of the renormulizution scale p (E, LIZ E,/4) for both 
lending order and. nexl-lo-leading order, The duta have both 
the statistical and the &dependent parts of the systematic un- 
certainties indicated. The lower plot (b) illustrates the depcn- 
dcncc on the choice of parton distribution function. The O(ai) 
prediction using the HMRS set 8 II41 structure function is 
used PS 3 rcfcrencc. 
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Crossing Intrinsic Resonance using RF Dipole 

Adiabatically generate a Coherent Betatron Oscillation to Increase the 
resonance strength seen by every particle; thus, all will flip spln 

In frame rotatlng at 
the RF dipole frequency: 

fixed point 

t 
__---- -+ 

Z cob 

6 = V,f - vp 

Emittance is preserved 
throughout the process 
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Crossing of intrinsic resonance in AGS 
using RF dipole magnet... 

0.5 

0.0 

.- 
s -0.5 

-1.0 

-1.5 - 
0.0 2.0 4.0 6.0 . 8.0 

Amplitude of vertical coherent motion in units of rms beam size 

Total Spin Flip is generated 

The RF dipole modulation tune was separated 
from the betatron tune by 0.004 
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Spin commissioning with a single Snake 

NATION-AL LABORATORY 

? - Gy = 48 or 60.3 

Gy = 46.5 or 55.7 

\ 

. 
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Spin resonances in RHIC (w/o Snakes) 
Fcb2OOOa lattice vx = 2823 vy = 29.22 and E, = 1Cbc mm-mad 
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NATIONAL LABORATORY 
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Single Snake in JXHIC (E S 100 GeV) 

AtE=lOO.53GeV:Gy=192=6~32 
+ all IP’s have same polarization 
For snake axis at -52” + longitudinal polarization 

For Ap/p = dMO1max. deviation from 
long. polarization: 
32 xAp/p x360”= *12” [0.98] (STAR) 
64 xAp/p x360”= ti4” [0.9,1] (PHENIX) 

-------i. 

NATIONAL LABORATORY 
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Physics of Proton-Antiproton Collisions 
at Tevatron CDF 

Fumihiko Ukegawai 

(CDF Collaboration)2 

Institute of Physics, University of Tsukuba 

Tsukuba, Ibaraki, 305-8571 Japan 

Abstract 

The Collider Detector at Fermilab (CDF) collaboration performs an experiment at 

the Tevatron proton-antiproton collider at Fermilab in Batavia, BJinois, USA, using 

proton-antiproton collisions at a center-of-mass energy of fi = 1.8 TeV. 

Since its inception in 1985, CDF has studied various aspects of elementary particle 

physics, such as quantum chromodynamics (QCD), electroweak physics, heavy quarks, 

and searches for new phenomena beyond the standard model of elementary particles. 

Most recently, CDF collected a data sample corresponding to an integrated lumi- 

nosity of 110 pb-r during the period from 1992 to 1996 (Run I). CDF has observed 

production of top quark pairs in this data sample. CDF has also studied various hard 

QCD processes such as production of (a) high transverse momentum jets, (b) W* 

bosons, (c) lepton.pairs through the Drell-Yan mechanism and 2’ boson decay, and 

(d) heavy quarks both in open and hidden (quarkonium) forms. 

After a brief introduction to the experiment and the particle detection with the CDF 

detector, we discuss some of these QCD processes and relevant CDF measurements. 

Finally, we mention B-physics results from Run-I data and prospects in the next data 

taking period Run II, which is scheduled to begin in spring 2001 and collect about 

2 fb-’ of data in its first two years of operation. 

i Email: ukegawaGShepsg3.px.tsukuba.ac.jp 
2 http://www-cdf.fnal.gov/ 
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Physics of Proton-antiproton Collisions 
at Tev~tron CDF 

(Mostly QCD) 

Fumihiko Ukegawa 
(CDF Collaboration) 

Institute of Physics 
Univeksity of Tsukuba 

Riken School on Quarks, Hadrons and Nuclei 
- QCD Hard Processes and the Nucleon Spin - 

*December 2 - 5, 2000 
Echigo Yuzawa 
Niigata, Japan 
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Introduction 

CDF Experiment, Detector and Particle 
Detection 

Gauge BQSOII Production 

l IV* Boson Production 

o Z”/Drell-Yan Production 

l Prompt Photon Production 

Heavy Quark P’roductioil . 

a b and c Quark Production 

l Quarkonium Production 
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CDF Experi~nelzt 

CDF is an experiment at the Tevatron pp 
collider at Fermilab. 

CDF studies various aspects of elemen- 
tary particle physics using pp collisions at 
fi = 1.8 TeV. 
QCD is one of them. 

CDF detector is a general purpose, w 47r 
detector. 

Brief History 

l 1985: First collisions. ~20 events. 

l 1987: 25 nb -I. First physics results. 

0 1988 - 1989: 4 pb-l. Some intersting 
measurements. 

l 1992 - 1996: 100 pb-I. Top quark dis- 
covered. 

l 2001 - 2007(?):’ 15 fb-‘. Higgs? 
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l CDF : a general purpose detector with almost 
47~ coverage. 

0 Consists of 

- tracking chambers inside the 1.4 T solenoid 
- electromagnetic and hadron calorimeters 
- muon chambers 

ZENTRAL MUON EXTENSION 

RWARD MAGNETIZED 
EEL TOROIDS 

CENTRAL DETECTOR 

CENTRAL MUON UPGRADE 7 

I 
BACKWARD MAGNETIZE 
STEEL TOROIDS 

BACKWARD ELECTROMAGNETIC J 

\ HADRONIC CALORIMETERS 

FORWARD ELECTROMAGNET AND 

LOW BETA QUADS HADRONIC CALORIMETERS 
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CDF detector, sliced in the plane with the beam 
axis. Only one quadrant is shown. 

I / /-/II 
:ES 

Forward 
(Not-To-Scale) 
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Central Tracking Chamber CTC : 

l Momentum resolution 

o/PT ?f 0.001 pT 

with pT E p sin 0 in GeV/c. 

277 

k- 554.00 mm I.D. 

2760.00 mm O.D. : 

l Drift chamber inside 1.5 T B field. 

l I.4 m in radius, 3 m long. 

l 84 measurement layers, grouped into 9 “super- 
layers”. 

l 12 x 5 axial layers, 6 x 4 stereo (3") layers. 



Central Electromagnetic Calorimeter CEM : 

Phototubes 

Light 
Guides 

T Wave Shifter 
Sheets 

b 
X 

l Covers A+ = 15', 1~71 < 1.1'. 10 towers per 
wedge. 

l s-mm lead, s-mm plastic stiintillator, 31 layers. 
Total thickness E 18 X0. 

Resolution .a&!3 =’ 13.5%/dEZZ. 

l A layer of proportional chambers (CES) near 
shower maximum (5.9 X0). 

Ah4 = I.5 cm, AZ = 1.7,2.0 cm. 
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We measure 

l Charged particle momenta with CTC. 

l Electromagnetic and hadronic energies with 
calorimeters. (e*‘, y, hadrons) 

l Detect/identify muons with muon chambers. 

l Decay vertices of long-lived particles (e.g. B’s) 
with silicon microstrip detector (SVX). 

How Different Particles Look Like at CDF 

Muon Chambers 

Hadron Calorimeter 

EM Calorimeter 

Tracking Chamb 

iI I I I / i / 

Ii& 

I / / / / / , , / I c 
Vertex m 

Y 
, / / 

/ I. / 

, 
7 , . , /M* . c J 

Silicon Detector Superconducting Solenoid 
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z” 

a Mza = 90 GeV/c2, thus ,/a = Mg/-& e 

0.05 + quarks at small tl=. 

l 2’ ,decays to &Q.- , qij. 

.W? final states very distinctive. I3 N 3%. 

l Require two high pT leptons. l = e or ,x 

Electrons : 

- Electromagnetic cluster in the calorimeter. 

- Longitidinal and transverse shower profiles 
consistent with electrons., 

- High PT CTC track matched in positions and 
in’ E/p. 

Muons : 

- Track segments in the muon chambers. 

- High pT CTC track matched in positions. 

- Energy deposit in calorimeters consistent with 
MU? 
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Z - ee and Z - pp Events 

1 ----Al 
E, z 44 and 36 GeV 

e 
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,un 40323 Event34043 ZO.ANAjCENT ZS ELE CLEAN.DST 4SEP92 17:56:54 11-OCT-99 

M=TS. *- . Eto-,al = 281.5 GeP, Et (scakr) = 84.S 6s 
--,-.---A r+'+c.F)= 3.5 ai Phi= 352.8 Deg. 

PHI: 55 

I 

16~~54 11-OCT-99 ?.un 40323 Event34043 
* NEST Wedge 3 Max Tm~er = 39.039:: Gel: * 

1 ETA: -0.6 

; 

0 - 9 
1582 
1042 : : 

0 
0 

Ol47? 1057 
1036 0 : 

o-7 
1000 1000 

O-70 
0 

ii 8 -:r: -- -._.. _- 

* CEMD 

: 
* CEMD 

0 

* &AD 

i 
* CHAD 

i 

* AMP 

: 

jOAMP 
0 

* AMP 
0 
0 

* AMP 

t 

x16, 

k? 
x16, 

0 
0 

x16, 
.O 
0 

x16, 
0 
0 

xl LEFT towers' 
o 1469 65535 
0 1030 7957 

xl RIGHT towers 
0 1279 65535 
o 1018 6986 

xl LEFT towers 
0 1000 1000 
o 1020 1237 

xl RIGHT towers 
E 0 1000 

I, .?2?4 

Min and MaxiChannel = 74) 
fin 2nd &Lx iCha?ael = 51) 
Min and Max(Channe1 = 241 

G.OO@ g.j.;z 
0.000 lC.CG? PXI: 55. 

0.00 4393.51(= 8 KIPS) ETA: -0.60 

Str GeV 
k'il GeV 
Prz! fC 
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Run 40323 Event34 

-. : . -.j 

. . . ?- -‘ -. -.- : - 
I- 4.. 

: .-. 
I- _ ‘2 

.y.. . 
: . . 

I -- 

-- .’ . 

- :. j 

7 . 
. . ..‘;, ; 

3 ZO.ANAICENT ZS ELE CLEIAN.DST 4SEP92 17:56:54 11-OCT-99 
;r ,:.-r-r _-I._, = L . E -'a-- .7-i + 

U'.. 2 ____ = 25:. 7 2-7 T'.,. . . . . I- _../ -.._ = : E . _ c,;_-- 
;.&Ti 32 = -7.c... g+ 

---- 

Run 40323 Event34043 ZO.ANAlCENT ZS ELE CLEAN.DST 4SEP92 17:56:54 11-OCT-99 

\ 

, I I t 
\ \II\ \\ \ \ \ \ I I I / / / /II/ / 

Emax = 51.7 Gev - - \ 
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Dilepton mass spectra near 2’ 

& 
- 250 

200 

150 

100 

50 

0 80 910 100 
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X + p+pT (92-95 data) X + p+pT (92-95 data) 

200 200 400 400 600 600 

Mass, GeV Mass, GeV 
Kinematics 

Pl = ~(x1,0,0,x1) . 

p2 = 9X2,0,0,-X2) 

r E M2/s =p1*pz/s = Xltl=2 

Yi?+t- = 

+ x1 = JTexip(y), x2 = fiexp(-y) 

For M = 90 GeV/c2, 

Xmin = M2/s = 0.0025 

Y max = f ln( s/M2) ” 3.0 
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Z*/DY Rapidity Distributions 

o-05 0,084 0.138 0,227 o-374 O-61 7 I 

80- 
o-031 O-01 9 O-01 1 o-007 O-004 xi 

70 +qz+++k~- 
X; 

-++=+& 

x, = M zeys-“2 
x~~M~~-~s-“* 

z 
6Or 

+--+ 
‘. 

-2. 66-e My= < 116 GeV/c* 

=50_ -t+ *. 
\ 

-. 

-3 40” 

‘. ‘\ *. 
++k 

(a) 

z- - CDF 1992-95 e+e- ’ ‘+ 
30: 

X*/ndof 
‘;+., 

20= ---- LO(CTEQSL), 33,3/27 ‘Y+,* 

-.-. NLO(MRST99), 23-l/27 -Y 
‘* 

IOF - NLO(CTEGWM-I), 24-3127 \;;;\. 
-+w- 

-k:_ 

-0 

I 
, 

OO tllq ,l,~,,l,,,,l,,,,l,,,,~. O-5 7 7.5 2 2.5 -3 

0.148 O-237 O-389 O-646 

> 116 GeV/c* 

<b) 

-.-. NLO(MRST99), 4.2/8 

3 

= 253 & 4 & 10 pb for 2’ + es-L-. 
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LO: 

l MW = 80 GeV/c2, thus Ja = Mw/fi E 

0.04 + quarks at small z. 

0 IV+ decays to e+v, p+z+r+u, 2ld, CS. 

0 L+v final states clean. 23 = l/9. 

l How to detect the neutrino? We don’t. 
+ missing transverse energy. 

Sum is over all calorimeter towers. 

l In Lo, p’Tw N 0. Then $I$ N -5;. 
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luun 41621 Event 748 F$W '2 DATA:TANAlFIVE WFNU.DST lNOV92 18:38:01 30-NOV-00 

Xun 41621 Event . 

Pt Phi Eta 
-l= -39.3, 5 trk 

._., : 
1619 i&l 0182 

1.3 140 -0.16 
1.3 242 1.81 

-0.4 190 -0.03 

4 rejectd trks 
-0.6 27 -0.49 

0.4 238 
0.4 339 
0.3 317 

[it 6~ to refresh 

PHI: 160 

ETA: -O.l( 

8 FSW 2 DATA:TANAJFIVE WEZJU.DST lNOV92 18:38:01 30-NOV-00 

:tiMETS) = 37.7 GeVl 
Phi = 314.4 Deg j Emax = 4Z.f GeV 

Suz Ec = 03.8 GeVl 
,----.' -. 

,A/ 
.- I..., . \ 

ETA: 0.1 
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How to reconstruct W? 
Neutrino longitudinal momentum not known, so 

’ cannot form invariant mass. 
+ Transverse mass: 

M2 T E 2p;p; (1 - cosA+) 

dWdP$, dWdP& show characteristic peak at 
N Mw/2 (Jacobian peak), and MT at N Mw. 

Require: 

l high PT lepton (> 25 GeV/c). 

l large missing ET (> 25 GeV/c). 

This is usually enough to separate W’s from BG. 

1 

Run Ib (90 pb-l), electron channel. 

z 2000, 
5 <-:,i ‘! ; 7) i p-(tYir~;f;:;;-*. * 
I5 

x”!df = 82.6MO (50 < M, < 120) 
- W+ev 

* 1500 
X2/df = 32.4/35 (65 < M, < 100) 

= 80.473 +/- 0.065 (stat) GeV 

- I I_ ,. : .i,:,..- .‘.,.:’ 
1000 

= 16% 

;: .- , , ) d-, , . . -c.. , , , * ,. , I , , I 1 , I , * I , .- 
60 70 80 90 110 120 

Transverse Mass (GeV) 

aMw= 80.443&0.079 GeV/c2 (CDF combined). 
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Somewhat sensitive to the Higgs mass thru radia- 
tive corrections. 

t 

W 

+ 

w 

b 
AM, aMT2 

h 0 

. ,* ‘, I I W 

w+ 
W 

AMw a In M, 

Constraints on the Higgs mass 

*u zg 80.6 

3 

- I 
-5 ffo.5 
E 

80.4 - 

80.3 - 

80.2 - 
., ;j,; .,, .' .. .;;4 .' 

80.1 - 
! : 

1 

LEPl,SLD,vN data 

II 
M,-Mtop contours : 68% CL 

1 111 I.I”“““““““““‘(““’ 
130 140 150 160 170 180 190 200 

.M, (GeWc2) 
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Measured Production Cross Section 

a@p + w+x) l qw+ + e’u) 

+ a(pp -3 w-x) l B(W- + e-q 

= 2.49 & O.12 nb 

4 

3 

0.3 

22 
E 0.2 
n 
k + 
T 

l CDFe 
0 DOe 

0.24 1 

d, , I I I I I,. , I I I I I I I I I I I I I I I I I’ 1 I I I’ I I III 1 
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 

Center of Mass Energy (TeV) 
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VV Rapidity Distributions 
Not symmetric around y = ‘0 even for pp collisions with va- 

’ lence dominance, because u(z) is harder than cE(z). 

TV+ tends to follow the u (p) direction (y > 0), 
TV- tends to follow the 6 (p) direction (y < 0). 

4 

3 

2 

1 

0 
-3 -2 -1 0 1 2 3 

Y 



(do’/dy) - (do-/dy) 

A(y) = (dm+/dy) + (da-/dy) 

W* longitudinal momentum not measured: 
+ measure the lepton rapidity distribution. 
Complication arises because W* is polarized. 

u$+w++t+u dti + W- + t-v 

l-t e- 
7 4 Ic 

e+ 
4 

e- 
u-w+ d: d -w- zi 

t 

/ 

f- t 

/ 

t 

7 d 

v v 

dN 

d COS 8+ 
= ld:,J2 oc (1 - ~0~6)~ + 17 direction 

dN 

dcos$- = ‘- 
Id ‘-1 J2 oc (1 + cos 19)” + p direction 

The two effects above are in opposite directions: 
stronger one (structure function) wins. 

Define asymmetry as 

y: lepton rapidity. 
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Raw distribution 

$ 0.6 !- TTncnrrected~ .Stdistiml Errmx Onlv 
vA^---A--v- -. --- ..-..,--- - ---1-- ‘----, 

- CDF 1994-1995 (90 pbml data) 

Predicted W decay lepton asymmetry 

1 

0 Central electron data 
0 Central muon data 
0 Plug electron SVX data 
m Plug electron CTC only datr 
* Forward Muon data 

Corrected, and folded 

Lepton Rapidity 

MRS-R2 (DYRAD)(d/u Modified) 

.*. 
-0.15 L 

-0.2 5, , , ( , ( , , , , , ! 1 I I I I I 1 1 1 I 
0 0.5 1 1.5 2 

1 Lepton Rapidity 1 
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4 Q 

l NLO: (examples) 

4 

l Sensitive to the quarks, as opposed 
ons in case of jets. 

to the glu- 
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l Parton = photon. Energy-momentum well de- 
fined. 

l Photon energy measured with calorimeter. Res- . 
olution better than for hadrons/jets. 

@&+a: cross section- smaller than jets. 
. 

IIow to identify the photon? 
Main BG: jets + leadingk” + yy, 
energy deposit in electromagnetic calorimeter. 

In principle separable, one photon vs. two pho- 
tons. 

Method I: Lateral shower profile using shower max 
detector CES 

Method II: Detect converted photon signal at preshow 
detector CPR. 
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4 

Y 

P F P 

71 

-1 

CES at R= 181 cm. Channel spacing - 1.5 cm. 
49 

d min = 
PT (7s’) 

cm with pT in GeV/c. 

Fit CES profile with single shower hypothesis. 
Templates from’electrons in real data and test beam. 
x2 of the fit + larger for x0, smaller for y . 

200 ‘i 
I”“’ ’ ,’ ” i 

50 

0 

Count the raction with x2 < 4.0 + photon fraction. 

Provides y/r0 separation up to N 30 GeV/c. 
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PI: Csnversion method 
Photon conversion probability thru material thick- 
ness t is 

7t 
P,(t) = 1 - exp 

.[ I 
-9X . 

0 

For 7c” + 27, the probability that at least one 
photon converts is 

piro = I- (1 - Py)2 > P7. 

Separation P,o - Pr is maximal for P = 0.5 or 
t N 1.0x(-). 
CDF solienoid is I.075 X0 thick. Use it as the ra- 
diator, and detect converted photons just behind 
it. + CPR (proportional chamber). 

CEM 
CPR 

Solenoid 

-- -- 

Measure the conversion probability PCpR at CPR 
for photon candidates: 

If PCPR = P!, all signal, if P&R = p?rO, all BC. 
Somewhere in between + photon fraction. 
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Measure CES/CPR efficiencies in data : 

e for single y’s from To/q + yy 
t5 for 7~’ from p* + 7~~7~’ 

CDF Reconstructed Mesons Used in Preshower Coiibrotion 
I- I* ‘I’ , .I! 3,; .,,I , , 

500 

250 

0 

2y Mass (CeV/c”) 

CDF Background Subtraction Methods 

Fraction of Photons = (Em-E)/(+-E,) 

- 1 43 I I( /“I 14, $3 1 I/I’,“” I/“(“‘a*‘n 
r Sh&ver F$ofilrz! g Ef’fici&ies ‘i 19d9 Data i 

l 1992 Data ; 

-0.95 I ' 8 I ) ( ' 
3 0.9 
*g 0.85 r 

C&erLion PSohability (1’992) Background (Es) i 

/ 4 

4 j 13 
A A 

II 

‘Z 0.55 i- 
Photons (Ed) 

e 0.5 r 1 I 1 Q 1 ’ ’ 1 1 ’ 1 ’ ’ ’ 1 ’ 0 ’ 
LL 0 20 40 60 80 100 120 

Photon P, (GeV/c) 
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Single y inclusive cross section (110 pb-l). 

0 Run 1BCDF Preliminary Doto 

d Run 1ACDFData 

NLOQCD(Vogelsong etol.), CTEWi,p=P, 

0 20 40 60 80 100 120 

Photon P, (GeV/c) 

0.5 

./ 

- CTEQ4M 
A CDF Doto 16 Preliminary (stat, uncertainty only) 

Data Normalization Uncertainty 14% 
- CTEQ4A5 

0.25 - MRST (upper gluon) 
- MRST (lower gluon) 

-o,& 
4 

” ” ” ” ” ” ” ” ” ’ ” ” 1 
0 20 40 60 80 100 120 

Photon P, (GeV/c) 
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l Ideally Comptorn process probes the charm quark 
in proton. 

l However, other diagrams contribute, too. 

0 In any case, measure y + c production cross 
section. 

How to identify the charni quark? 
Best if charm hadrons are fully reconstructed. 
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Quark Jp Mass Jp Mass Decay modes 
camp. O- (MeV) l- (MeV) 

c2i Do 1860 D*’ 2007 + Dora 

cd D+ 1865 D*+ 2010 + DOT+, D+n” 

cs Dz 1970 D;+ 2112 ++ D,+r 

D*+ + DOT+ attractive 
because of the small Q ialue in the decay: 

l Small background 

l Good mass resolution in 
.AM E m(D"~+) - m(D'). 

Reconstruct Do, usually use the decay modes 
Do + K-x+ (BF = 3.8%) and 
Do + K-n+;rr+;rr-. (BF = 7.5%). 
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60 

40 

20 

0 

Am=m(D'n)-m(D') (MeV/c”) 

1 - MC(charm) 
+Side band 

_ ---- MC(bottom) 
+Side band 

Proper decay length of Do candidates (pm) 
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l Heavy quark mass J&-J >> AQCD + always a 
hard process. 
Perturbative QCD applicable for all momenta. 

LO: 
4 

4 

o NLO calculations available for 

- total cross sections 
- one-particle inclusive cross sections 

- two-particle- correlations 

Q 

9 ‘Q g 

& 

9 8 g 
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Bottom Quark Production I 

Correction to LO large, ~2.5. 
But PT and rapidity distributions virtually un- 
changed. 

.l - LO + NLO 

\ \ 
‘l”“““bm ’ 

I 
0 5 10 15 20 25 

kr IGeVl 

Dependence on renormalization scale p not re- 
duced in NLO. 
Somewhat worrisome. 

Js -iaDO GeV. mb = 5 ~dr 

Dm,&= 0.170 GeV 

- L+NL 

-*-.-------- 

0 5 10 15 20 25 
P r.cw 
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. How to detect the b quark? 
Have to identify its decay. 

B 
c’ u D. D*. . . . 

q 

l 0-th order approximation : 
Decay of a heavy hadron HQ( s Qij) is the decay 
of the heavy quark Q. 

l b quark decays to c or u quark. 

b + c decay dominant, because II&l >> lV&l. 

l Have to isolate among BG of Q and g jets. 

+ use semileptonic decay and the lepton. 

Rate sizable : B(B + ri7x) = 10%. 

Main source of single leptons at low pT (below 
WV* and 2’). 

l B decays can also produce two leptons : 

- Sequential decays : b + e-cc, c -+ t+vs. 

- B + J/q4 X via b.+ cEs, and J/+ + t?-C 



Inclusive electron spectrum : 1988-89, PRL 71, 
500 (1993). 

L 

104 f 

103 f- 

102 T 

101 T 

100 T 

+ All prompt e+- 
l W,Z, and residual 

, 7-e +- subtracted 

% CJ 
Ln . 

K 
2 
? w 

10-l I- 

-b+c Monte Carlo (Arb. Norm.) 
L --. c Monte Carlo (20% c/b-kc) 

( cDF Preliminary) 

0 20 40 

E, (GeV) 

60 

“Shoulder” above w 25 GeV from W* + e*, and 
2’ + e+e-. 

Rest: b + e-TX, E + e-TX’, hadron fakes. * 

b + B fragmentation harder than c + D. 

Lepton momentum in the B rest frame larger than 
in the II). 
+ bottom leptons enhanced over charm leptons. 
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B -+ t-vD, D”, . . . Should see the charm hadron 
associated with A!!?. 
Reconstruct charm meson Do + K-T+ near e-. 

Electrons 
I I I I 

c 90 1 
Wrong sign 

0- 
T 

1.6 1.8 2 2. 

Right sign 

1.6 1.8 2 2.2 

&r wv~2> 
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J/+ and B decays 

Decay length distribution 

CDF Run 1 

25000 

~<20000 - 

3i 
5 
-d-l5000 - 

3 
5 

&10000 - 

0 
2.9 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3 

mw (GeV/c’) 

I 
CDF 
SLdt=90 pb-’ 

m Bkgr. Parametrization 

IO 

10 

1 

N 205% of J/+‘s from 23 decays. 
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Production of .I/+ and +(2S) from J3 decays 

n 

0 

\ - 
b 10 u 

IO 

1 

- 
10 

- 
IO 

I ’ 1 , 1 I I ’ I ’ 
MRSDO structure functions 

1 ’ 1 ’ 

i - NLO QCD,p=po,~p=.006,mb=4.75 ! 
--me NLO. QCD,p=p,/4,~,=.004,mb=4~5 : 

m . . . . . . . . NLO QCD,p=2po,~p=~008,m,=5.0 - 
*. OO 

l . 0 ,’ 

0 

-. 0 

l- 
*. 

l * 0 -. 

I J /ti Svstematic Err 
((2S)‘Svstematic Error -*\ 4-L , , 

I I I I I I m 1 t I I 1 I 1 1 

0 2 4 6 8 101214161- 
P&k) [GeV/cl 

Higher than NLO QCD calculation with “normal” 
choices of scale p, &CD and mb. 
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Fully reconstructed Bf + J/$43? decays 
CDF Preliminary 

t Ne = 387 f 32 
I- -l 

t 1 
t 
I I * n I “‘I. I I ’ * “1 r I 

5.20 5.40 5.60 5.80 
6’ Candidate Mass (GeV&) 

B+ meson production cross section 

6’ Meson Differential Cross Section 6’ Meson Differential Cross Section 
I I I 1 I I 1 I I I 1 I I I 

1 o3 CDF Prelitiinary; 

- NLO QCD: - NLO QCD: MRST, ~=J(mb2-l-p~) MRST, ~=J(m:+pl;j=~*. * 

m,=4.75 GeV/c’, cp = 0.006, f, = m,=4.75 GeV/c’, cp = 0.006, f, = 0.375 ***-.. 0.37s‘**.. 

------ ------ Theoretical Theoretical Uncertainty Uncertaint 
l . 

1 I”“““““““““~ 
5 5 10 10 15 1.5 20 20 25 25 

pT WV/c) 

B+X) = 3.51 h 0.42 h 0.53 pb for 
pT > 6 Gev/c and IyI < 1.0. 
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Open Ckmrm Production 

Is charm heavy enough? 
Otherwise similar to bottom. 

Measure D*+ production. 

Start with single p sample %(pT > 8 GeV/c). 
Use D*+ + mr+, Do + CL+VK-X. 
Form Am =: m(p+K-z+) - m(p+K-). 

DATA 

RS(solid), WS(dashed) 

1000 
t 

750 

t 
500 

1 

_’ 
I 

-3 0.15 0.2 0.25 

AM ( GeV/c2) 

RS-WS (cross) 

istogram) 

DATA: 

MC (h 

250 - 

+ 
0 l- 

I 
0.1 0.15 0.2 0.25 0.3 

Delta M 
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II*+ production 
CGF Prelimirlarv 

100 

80 

60 

40 

20 

0 

r 

L 
c 

I I 

I 10 20 30 40 E 

PT( D*‘) [GeV/cl 

10 

10 

j 0 

IO 20 30 40 50 

PT( iI*+: [GeV/cl 

cr(pp -+ D*+X) = 3471&65&58 nb for 
PT > IO GeV/c and 171 < 1.0. 
Theory : 240 nb, IM. Cacciari (1998). 
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Onium Production I 

Quarkonia: bound states of heavy quark Q and its 
antiquark Q. 

CE states : 
L = 0, s = 0, Jp = 0- : ‘~3~ 

L = 0, s = I, Jp = I- : J/$, $9(2S), 0.. 

L = 1, s = 1, Jp = o+, l’, 2’ : xco, Xcl:, xc2 

Similarly for bb : 
L = 0, s = 0, Jp = 0- : ?jb 

L = 0, S = 1, Jp = l- : 'Y' 
L = 1, s =l,JP = o+, I+, 2’ : XbOT Xbl, Xb2 

Jl$ + 3% X40,2) + 2s 

“Old’” theory had predicted : ’ 
4@S), direct J/+) > I. 

CDF has found x 50 direct J/+ and +(2$) yields 
than “color singlet model”. 
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Sources: 

l B + J/+X (lifetime, N 20% of all) 

l Direct J/+ 

l Direct xc + J/$ y (not the case for qb(2S)) 

The latter two have zero lifetime (“prompt”) : 

z 10 2-l ” ” I, I, I, 1, I, 1, t 
0 E MRSbO structure functions 

\ 
- Prompt J/q production 
- 

par' 
Prompt +b(ZS) production 1 

0 0 

\ 1 (I 

o Prompt J/q 

n I- 
c -1: 

10 
; -5 

* 10 
a_’ -3: 
7310 
\ 

b -4: 
77 10 

I- 

0 
0 A Prompt +b(zs) 

J/q Systematic Error \ -5’ 
10 Tl $(2S)‘Systematic Error I 1 I I I I I I1 I .I I I 

0 2 4 6 8101214161820 
P#J) [GeV/cl 
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J/?/J from xc : xc -+ J/+ y 
Identify y with CEM/CES, combine it with J/$, 

calculate AM = wv?w - M(Jl+)* 

,l,,,,l,1,lll~l~l 
0 0.5 

AIL 

1.5 

GeVlc P 
CT cm 

Use lifetime to subtract 23 + xcX. 
Then extract sources of prompt J/T/A. 

0.8 

3 
s 
sf 0.7 

a 
E: a -0.6 

2 
El 

-3 0.5 

s 

g 0.4 

0.3 

0.2 

0.1 

I ' 3 '4 I '*'I 1 1 "'1 * 1~~~~13~"1""1"' ' 

__________---------- _______-----__-__-_____ 

*++++++ t + + 
1 
_____------ ------------_____________ t 

----___ 

- &l-Cd 

I *om x 

___--- _--=----_____ 
___..----- + t -T 

_________-----, * f m 
?:ff'? ‘Y f _~-.---‘-------------- 

__r__----- 
. - _ - - - - _____. + 

direct 

Tws) 
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Prompt J/+ Production Breakdown 
e :, I”‘I”~~‘i’l”‘!“‘l”‘~‘i’~’ ‘1 

0 J/y Direct 

N Jhqfrom x 

V J/v from ~(2s) 

A sum 
Prompt production 

PdJW) GeVk 

Direct production: both J/+ and $QS) higher 
than prediction by a factor of N SO. 

Other mechanisms must exist. 
Gluon fragmentation? 
Color octet? 

7 
9 



Gluon fragmentation into + : 

Gluons are massless (pT >> m+) and thus trans- 
versely polarized. 
+ should inherit the gluon polarization. 
Helicity angle: 

dN 

dcos0 
= 1+ a! cos2 6 

a = +I * 100% transverse. 
aE -1 ) 100% longitudinal. 

Prediction for direct production 

Beneke and KrSmer a = 0.77 % 0.08 
Leibovich a = 0.90 It 0.04 

at PT = 20 GeV/c. 
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J/+ and +(2S) Pollarization 

0 CDF.data 

0 5 IO 15 20 25 P&4 

0 

-0.2 

-0.6 

-0.8 

0 CDF’data 

I I I’ -4c 
I ’ 
I ’ , 
)’ I :I] Leibovich 

q Beneke-Krb’mer 

0 5 lo 15 20 25 PTCW 
Phys. Rev. Lett. 85, 2886 (2000). 
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c 

xc Production : separate xc1 and ~~2. 

Need good energy resolution for photon : 
+ use converted y + e+e- (tracking momentum 
resolution better than calorimeter) 

CDF Preliminary, 1992- 1995 Data, 110 pb -’ 
t ’ 1 I I I I , I I I I I I I I 

M(xe,): 3.509 f 0.001 GeV/c2 

N(xe,): 37.4 f 8.1 

N(xE2): 23.9 f 6.5 

r 

M(J/lw - prompt 
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T Production I 

CDF Preliminary 

1000 

500 

t -- Y 
o”““““4 ““““““‘1 8.8 9.2 9.6 10.0 ID.4 10.8 11.2 

Dimuon mass (GeV/c’) 

CDF preliminary - Upsilon (1 S, 2s. 3s) x-sections 

5 a - Upsi!on 15 

- Upsilo? 2s 

- Upsilon 3s 

10 

1 

-1 
10 . 0 2 4 6 8 10 12 14 16 18 3 

pT GeV/c 
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Weak Interaction: 
Coupling of quarks arid W and Zo bosons 

Examples:. 
l muon decay 
l neutron p decay 

Heavy quarks (s, c, 6, t)are unstable. 
Transitions across generations possible: eg. ~0 + pn- (s + u) 
+ Quark flavors are conserved in C.C. weak int’s. 

Mass and flavor eigen ected by the CKM matrix. 

D= 

Need to determine the elements Kj experimentally. 
. 



q B decays: Cm probe five elements of VCKM 

= bd %s I w b - - - 

V+b, V,,, Vtd : t quark couplings. 
In principle from t decays, 
but hard in practice. 
Can use B decay processes where 
the tquark is involved in the loop, 
e.g. particle-antiparticle oscillations 
of the neutral S mesons. 1 



Introduction 
Why B Physics at a l4adr.m Machine? 

Because the production rates are high. 

e+.e- -+ 6; - 1 nb atY(4S) 

-6 nb at70 

pji* bbx via 
strong interaction 
o m 10 pb at 1.8 TeV 

9Vb q\ 

T - 
4 3 
a A a’ x 

pp 9 bX, ds= 1.8 TeV . . 
lost I I I 1 I 8 1 1 1 s 1 1 ’ 1 ’ j 

- NLO 020: mp4.75 GeV. A,=21 5 MeV 
MRSDO. pwdrn:+fi’) 

----~/L,/~<~<~cc, 4.5<m,<5.0 Cd 

n e’X(1989) 

0 evx(l989) 3 

+ _’ 

v ; ‘c. 

7 I ‘6 

b 

lo’- ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
._ 

0 20 



s 0 
t 0 
z a 

G
 

s 0 
t C

L 
Q

l 

4) 
cn 
s 
.- m

 0 

t 
t 

I 
.- n 0 

Q
Q

 
42 

I 
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Signal J’v 4 p’p- Decay length dist 0 

m, ( GeV/c2) 

, Mcm) 

Mass resolution - 16 MeV/c? 

- 20% from B decays, others direct / xc + Jl@y. 



Run-I COF B physics results 

l Mass measurements of B+, P, Ps and A~. c-- ca c D 

measurements of B+, Bo, aOS, Ab. 
BO-Bu oscillatibns and flavor tagging. 

sin(2p) from Be/go -+ J/I,uP,. n 
B, meson. 
Rare decay searches (FCNC decays) 

Inclusive 6 and B production. 
bb production correlations. 

b-quark fragmentation fractions, fU, 
Onium production (J/y, Y) 

fd fs / . . . 

- Prompt and non-prompt (from B, xc ) production 
- Production polarization 



Lifetime Ratio z(B+) / T(B*) 

CbF - 
i 

cYl.YJ) 

CDF J/y K (Y&95) 
CDF D’*‘l 

(92-95) 

DELPHI DC+‘1 
(91-93) 

DELPHI to~y&vt!t . 
DELPHI tor;pAT 

. 
L3 ‘l-apology 

(Y&95] 

OP.-\I, D’ 7 
1’)1-03 

SLD vert. + 1 
(93-95: 

sLD,;~wo?J s . 

- World average 

8 Lifetime 
Working Group July 2000 

t: 
I I 

bt 

,I1 I Ill III H, , , , , , , , , 

0.6 0.8 1 1.2 1.4 

z we (BP 

1.08%0.059&0.018 
new 

l@Ei 2; 

1.o6fo.w~.02 

1.110&0.056+(g~ 

1.00+0,:;; fo.10 

1.od-g; cm10 

1.065fo.02wO.033 
new 
1.o9fo.07fo.03 

1.079&0.064fo.041 

0.99ko.14~~ 

1 03+0.16 . -a14 HM9 

1.03Pfi Am24 

1.o66cko.02 



&Do 0scillation.S 
2nd order weak - 

B 0 
interaction. 4 

Qecay probability: 
T 

V * tq 
PBO+BO (t) = & e-f/2 (l+ cos Am) 

PBO+BO (t) = $ e-t’z (l- cos Amt) 
12 rsps 

(e=459 
Unmixed 

Mixed 

Oscillation frequency = Am = mH- mL : 
Am, Oc W+q12 

Eventually Am, /Am, + 1 V+sl / I Vtd I 

with less theory uncertainty 

t vtss 
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I- lY*J-and same-side pion tag 
,Asymmetry = (RS-WS) / Total 

Mixing from 
Charm signal near I- 

UJ 
z 
0 

r5 

m(Kd @V/c? ~ m(Knzr) (GeV/c? 

m(Kn),m(KSn)(GeV/c’) m(Knn.)-m(Kn)(GeV/c’) 

(a) Do + K-ti. (b) D+ + K-E+x+. 

(c) D*+ + Don+, 
DO-, K-e, K-IT+TC+IL 

(cl) I)*++ D%+; Do-, K-x+x? 

0.40 I- 0 a lepton + B” 1 

E 0.00 IL 
‘c t, . I . 
5 d?++d-t 

lepton + 0’ 1 
I 
-- 1’---. I 4 dr.egyy---.-..-.--.----~----- 5 

k 
--.... I 

0.00 
proper decay0i~~&7. ct (cm) 

0.25 

D(B+) = 0.27 + 0.03 + 0.02 
D(B*)= 0.18+0.03+-0.02 

G: &x3/.g 

f-4 - 
hJ6 

- 
/L 0 ‘v I3 

I\. h -0 
i3 



-t 
W

I 

Q
 

d I 

+ 
-c 

* 

i 

t 8 sz 
E

 0 L 
- 

z 
s 

0 

_ 
. 

. 
* 

& 

333 



+I 
is 
00 
dd 
,+ 

I 

9 0 +I 
* 8 6 +I 
cv) 

5: 
d 

334 



Amd Results 
AmA world ave. now very precise. 

ALEPH 

DELPHI 

L3 

I”‘I’ 

U 

j*{ - 0.446 -t- 0.020 F 0.018 ps-’ 

k-4 - 0.497 f 0.027 k'O.023 ps-’ 

b-4 - 0.445 rt 0.028 I&I 0.028 ps-1 

!- 4 - 0.466 t 0.022 t 0.016 ps-’ 

f+e-i - 0.526 + 0.043 f 0.031 ps-’ 

b-4 - 0.495kO.026k 0.025 pi’ 

..~.~~~~~~~.~~..~~.~ 
w - 0.480~0.010~ 0.013 ps” ----~-~---~~~~~~~~~~ 

Need better theory 
to improve precision 

in Iv+,l. 
Or, measure Am,. 

% QPAL vi 

SLD 

CDF 

Ill,p: 

Another CDF 
contribution to 
B physics 

Average I 
0.4 0.6 

Am, ipsodl 

Iv,,1 = (8.6-+_0.2IfiO.2+1.7) x Kk3 
? 

Am d. thlory 
BP e [3 



bd 



3 

.2 
-PA t 
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W 

% 

CP Violation in BVBO + J/yk?s 
CPviol., ++ lY(i+f)fr(L4) 

l Now the amplitude is the quantity of interest. 
l Final state = J’/ly KoS + p+p- TC+TC- “Trivial” 
l Initial state, BO or p? Flavor Tagging LEfTb’J JET $ 
l Decay time: Not necessary at CDF, but helpz?‘ESSf’E TG 
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Apply 3 Flavor Taqqinq 
Methods 

Same-side “pions” 

998 f 51 events 

I , 4 .I A, 

1; Jef charge 
w 
R 

Measure tag 
from - 1000 
decays. 

(For SST, extrapolation 
of lepton-0 meas.) 

..~ -- 

Taq ‘. E(%) D(%) EDZ(%) 
SST 70 17zk3 2.1kO.5 
Lepton 6.5 631k15 2.2dA.0 
JetQ 45 22+7 2.2kl.3 
Total. 6.3k1.7 



Asymmetry Precise lifetime sample: 

! Asymmetryvs. time. 
t 
0 

‘s”iC asymmetry versus liff3time 
l-la, 

3 

1 

E 
E 
2 a 
CD 3 
b 

precision lifetime sample 

II 

i? 
t 
0) 
E 
E 
>z 
2 

2- 

1-,, 

04 

-1 - 

ct (cm) 

low ct 
KSOlUti 

SJ 

1. . . 

/ 
/ 

. . 

- 

Less precise 

lifetime sample: 

Time-integrated 

Asym x (1+x,2) / xd 
= sin (Z/3) 

sin(Zfl) = 
+() 79 + CM1 

- 0.44 

(stat + syst). 



“7 

F 
1.0 

Constraints on the unitarity triangle 
sin(2p) --+ p: four solutions, PI, p21 Pl+n, &+x (~2=7d2-p1>. 

CDF sin 2-f) - 1 c~ bound 
central valik 

0.8 

0.6 

1 (r bound Oe2 
n 

. Mele. her,-x>h/98lb333 \ 
. 

7 68%C.L. . / 

3.0 -0.5 0 i> 0.5 1;o 
7 P 

+P 
J 

Not much constraint now, but shoiy bJ!?intMsting 
in Run-II. 

,-i d 

. - 



Rare Decays B + tiq /+I- 
6 + s FCNC transition 

Z” penguin and box diagram 

in addition to EM penguin. 

Iv I ts 
SM predicts B.R. - 1007to 10-k 

New physics could enhance it. 

Has yet to be observed. 

PRL 83,3378 (1999) 
\ TL- 

- . . . . .- 

l+l- can be resonant, e.g. J/y, ~(2s). 
+ Indistinguishable from 6 --j, ccs 

Look at non-resonant mass reqion. 
J 
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Rare Decays B + Kc? I+/- 
. b + s FCNC transition 

l Z” penguin and box, diagram 

in addition to EM penguin. 
0 ’ WI f§ 
l SM predicts B.R. *v 10-T to 10-k 

0 New physics cduld enhance it. 

l Has yet to be observed. 

PRL83,3378 (1999) 
c--- 

.--- ..------ 

l+i- can be resonant, e.g. ‘i/y, y(25). 
+ Indistinguishable from 6 -+ ccs 

Look at non-resonant mass region. 



4.8 5 

0 4 candidates 

. 

1 5.4 $6 5.8- 
MQl+pw) [GeV/cZ] 

l BR < 5.2 X 10-6 @90% CL 
l SM: (5.9 + 2.1) X 10-7 

0 

t 

. 
. 

. 

2 

t 

.I 
. 

1 
. 

I 

0’ ’ 
! 1 I I I I 1 I i 

4.8 5 5.2 5.4 5.6 5.8 Mu+@‘) [GeV/c2] 
0 candidate 
BR< 4.0 X lo-6@90% CL 
SM: (2.0 +0.7)X 10-b 

4 

Expected signal N 0.5 event each. 
Should see a handful of signal events in Run II. 4 



Even Rarer Decays: B”, Bos + I’/- 1 

Vtd for B*, V,, for BO, 
Helicity suppressed. 

B.R. very small. 

SM predictions: 

-B O -+ ,u+p- 
I 0 B S ---+ P’ I-1. 
- 80 + e+ e- 

- BO s + e+ e- 

(1.5 + 1.4) x 

(3.W 1.0) x 

- 
b W 

t 
ds 

W 
I 

- 

b 

d s I 

lo-‘O 

10-g 
' vtd V-t5 

I 

(3.4k3.1) x lo-l5 

(8.Ok3.5) x 1W4 

I + 

I- 

I + 

I- 



Rare Decays’ B*, B’$ + p+p’ PRD 57,381i (1998) 

CDF: 98 pb -’ 

10 

h 

w B,,O B,O Like sign muon pairs I !I ! 
I - 

J j, I 4, 

,..m.l...r A.,. . . . 
5 5.2 5.4 5.6 5.8 6 

pp invariant mass (GeV/c2) 

Still long way to go... 

One candidate 
in the overlap region 
of B0 and SOS mass 
windows. 
B.R. < 8.6 x 1O-7 for B” 
B.R. < 2.6 x 1O-6 for Bus 
@ 95p/, CL. 

Also looked for 
decays to e+ k- , e- p+ 
B.R.< 4.5 x IO-" for B0 

B.R. < 8.2 x 1O-6 for B$ 

PRL 8l, 5742 (1998) 



B Physics and CDF Run 11 p~,“‘_“~~~&, - 
0 
l 

6 bunches -+ 36,108. 
New JJ%%eV Main 

r 
\ 

SiXlcan &or 

0 

0 

.’ 20 Injector 
Luminosity = lQ3* cm-*s-l 
S L dt = 2 fb-l (2 years) 

Detector 

Tracking system 
FE electronics 
Trigger/DAQ 
Plug calorimeter 
Extended muon coverage 

Retained good momentum 
resolution & lepton ID. 



CDF-II silicon detectors 

svx 11 
l Radii 2.5.cm to 11 cm 
l 5 layers 
l Double-sided, 90’ and 1.2” stereo 
l Main vertex detector 

Intermediate silicon layers CISLYI 
l 3 more layers at R = 20 - .29 cm 
l Construction similar to SVX II j 
l Precision tracking to higher eta. 
l Aid linking from COT to SVX. 

Signif icant Japanese contributions : 
SVX II Hiroshima, Okayama 
ISL Osaka City, Tsukuba 



Silicon Vertex Trigger : SVT Use Silicon information at 

the 2nd level trigger 

l Find a track in the 
main tracker COT, 

l Extrapolate toward 
the SVX. 

l Find SVX hits 

Can trigger on al 
final states such 

I d 1 
\ 

-hadronic 
as 

along the road. 
l Calculate impact 

parameter wrt the 
primary vertex 
(beam spot). 

l Resolution m 40 pm 
at 1 GeV/c. 



New additions for B physics: Time-of-f light counter 
Innermost Si layer 

CDF-II TOF counter Detector 

l Located tit r = 1.4 m 

Sderrdd Coil 

End plug 
HsdRXl 

caklrimter 

End Well 
Ha&on 

l Inside -1.4 Tesla solenoid 
l Scintillator Bicron BC408 - 

4 x 4 x 270 cm3 a6 $ 
l Hamamatsu R7761 PMTs 

38 mm, 19-stage fine mesh 
l Goal: Or *v 100 ps 

Purpose 

t l 20 K/n separation 
up to 1.6 GeV/c 

l B flavor tagging 



Detector 
l Single-sided 

Layer 00 

l At radius - 1.6 cm, 
minimize effect of multiple 
scattering. 

l Can operate up to - 5 fb-1 

10 
p, [GeV/cl 

Putvose 
Improve impact parameter 
resolution : 

0 - 9 pm for high pT 
@ 10 pm alignment 



Impact of TOF and Layer 00 on Bus mixing 
Signal 

. l By+ D,?c+, D-,n+n+nr 

‘0 -20 k events / 2 fb-l ?? 
-A- 

l UP a> 
l Improves flavor tags. ii 
l Helps at lower x,. 

s Layer 00 Q\ 
l Improves vertex m .- 

cn 
determination. 
+ proper time resolution. 

l Helps at higher x,. 

Once the oscillations are 
established, Am, will be 
determined to a few %. 

20 
18 
16 
14 
12 
IO 
8 
6 
4 
2 
0 

Combined flavor tag 
l/2 SignaVbackgrounc 

Layer 00 + TOF 

- Layer 00 

-Baseline CDF 

50 measurement 
\\\\ 

25 50 75 100 

B 0 
S - iii frequency xS=AmS?: 



B Physics in CDF Run II - Two Major Goals: 

S. Mol., hop-pWQtBl0333 

-3 *...- ._..” .,.. ;,. . . 

O-6 

,:...’ 
‘,’ . 

.I’ . . 

f 

\ 

.I ..*’ 
‘_ 

j’ 

.’ 

.,*’ 
,/ 

Can be the first meaningful test of the unitarity trianqie. 



Run II projections 

c sin 2p precision from J/y/ AP5 (2 fb-I) 
TDR: 10 k signal, Et>* = 6.7% + kO.084 
New: 28 k signal, ED* = 9.1% + 2~0.043 
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Run II (cont’d) Probing angle y(phase of Vub) 
l Bo + z+ nr once thought to be the mode for sin2(vy+). 

(assuming 6 --+ u tree dominance over penguin) 
l CLEO finds much larger K- IT+ and tiny x+ 7c-. 
l Not just small rates, but also means penguin pollution. 

+ Relation to sin(2a) less clear. 
l Strategies proposed, but are challenging experimentally... 

s 
New approach : R. Fleischer, Phys. Lett. B 459,306 (1999). 
Throw in DO, -+ K’K-, measure asymmetries in both Wand B4. 

In general,fora decay P-+ f (f= CP eigenstate): 

At&) = Adir cos(Amt)+ Amix sin(Amt). 
Adir : “direct” CP violation, Amix : CP violation thru mixing. 
Experimentally, measure 4 A’S from Bo + It+ nr and BoS + k?K-. 
Then extract p, yand penguin and tree decay amplitudes. 



Tree Pencauin 

V ub 

’ u - 
dJ IT+ 

. 

V ub 

b B°C- 
d 

dJ IT+ 

B” c b 
S 

s 

SJ K + 



,Angle y(phase of I(&) continued 
Four CP asymmetries*to measure. (h = sin 0,) 

. 

l Ad’P(p + n+ n-) = -2dsin8siny/(1-2dcos8cosy+&) 
l Amix(BO -+ n+ r) = [ sin2@Yy) - 2d cos 0 sin(2P+$ + cF sinzp3 

/[l-2dcosecosy+B] 
l Adir(Bos + k?K-) - 2(h2/d) sin 0 sin y If no penguin, 
l Amix(Bos + NC-) - 2(h2/4 cos 6 sin y Ad ir = 0 PO, SOS> 

2 Four unknowns to extract: A mix .= sin2(P+y) (Bo) 

l p, y = angles- of the unitarity triangle. A mix = sin(2y) (B$) 

l d = ratio of penguin (P” to tree (r) decay amplitudes, 
8 = phase of “P/T 
d eie = hl vcb/vub 1 / (I-h*/2) [ P / (pp) ] 

Expect ~5 k B”+ n;+ IT-, 40 k Bas + Pk 
+angleyto 40’. 



Summary . 
l CDF does B physics pretty well. 

l Run-1 results cover virtually all aspects of 

B physics. 

l Run II should producefurtherinteresting 

results, in particular 

- sin(@) precision of zk(O.043 to 0.084). 

- Am, up to - 40 ps-l. 

- ahgle y to 3~10 degrees. 
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Heavy Quarkonium and QCDl 

Hirotsugu Fujii 
University of Tokyo at Komaba. Tokyo 15%8902 

Heavy quarkonium (@) is a QCD bound state of a heavy quark (Q) and its antiquark 
(Q), The asymptotic freedom may justify the use of the perturbative approach to the 
properties of the quarkonium. In fact the scales relevant to Q, form a hierarchy: 

mQ > m~Qt? - P@g >> mQv2 N EBE > AQCD: 

where v - o,(en~) is the relative velocity of quarks in @: PQQ the relative momentum, 
EBE the binding energy. 

First we discussed t.he hadroproduction2 and the interaction of @? assuming the fac- 
torization into the hard and soft parts. For the hadroproduction the color singlet model 
(CSM) failed to predict. the total cross section and pT dependence. In the color octet 
model (COM) the Qa pair is produced in the color octet state, and then evolves into 
the singlet. resonance in the time scale of e-i sE by emitting/absorbing soft gluon(s). This 
latter. soft part is described by the unknown matrix elements in the NRQCD framework 
which we can tune to reproduce the experimental data. 

The COM predict,s the transverse polarization for the produced @ at high pT? while 
the Tevatron data showed opposite tendency. The kT factorization calculation for the 
hard part was applied very recently to the xc production and then to the J/$ production 
with the result that the COM contributions are substantially reduced from those in the 
collinear approximation. 

Next we discussed the quarkonium interaction with light hadrons (h’s). The small size 
of @ allows us t.o expand the soft gluon fields int.0 a series of the multipoles. We showed 
t.hat the quarkonium interaction with h is weak because of 1) the smallness of quarkonium 
(color transparency) and 2) the softness of the gluons in h. 

In the second part, I talked about the J/d suppression observed at CERN-SPS, and 
discussed its interpretation along with the line of the COM. The suppression data up 
to S-U, fitted with Is& - 7 mb (baseline), are understood as a suppression of the pre- 
resonance state in the COM. Then the Pb-Pb data are found further below the baseline: 
which is called ‘anomalous’ suppression. The data shows step-like behavior; There is a 
claim of the xc-melting followed by the $ melting because 30% of the observed J/$ comes 
from xc decay, though ET fluctuation may give another likely explanation. 

There are many uncert.ainties we have to clear before make any final conclusion about 
the QGP formation. Since RHIC is capable of doing a systematic study by changing the 
parameters, ,/Z and A! we can learn much more details about the heavy ion events and 
unveil the physics of QGP. We note at the same time the progress is strongly required 
in the related area such as in the quarkonium hadroproduction; The united efforts in 
neighboring fields are needed to uncover the new physics hiding in ultra-relativistic heavy 
ion collisions. It is one of the interesting features in t.his fields of the heavy ion physics. 

‘Suggested by Prof. D. Kharzeev, who unfortunately couldn’t come and give his lecture at the school. 
2The diffractive production gives us a place to study a different aspect of &CD. 
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Heavy Quarkonium and QCD 
- an intuitive view - 

Plan 
H. FUJI1 (U. Tokyo) 

1. Heavy Quark and Quarkonium 

2. Why Heavy Quark/Quarkonium? 

3. Quarkonium Production 

4. Quarkonium Interaction 

5. Quarkonium as Hard Probe of QGP 

6. Base-line and Anomalous Suppression 

7. Concluding Remarks 

2000 Dee RIKEN SCHOOL@,Yuzawa 



Heavy Quarks ,and Quarkonia 

A,,,-0.2GeV .“k l Quarkonia : QG ba4rKl S?QkS. 
- Spin-l 

l Quark Mass 
Mlciey 3.1 3.5 3.7 9.6 9.9 100 

~(1 - 5MeV) c(l.l5-135GeV) t( 174.3GeV) 

cq3 - 9MeV) ~(75 - 170Me\-) b(4.0 - 4.4GeV) 

lid s c h I l Open Charm/Beauty Qq, 94 
state lh-I D*(I-, l&o- I B*cl-, 

M[Ge?‘] 1.9 2.0 5.3 5.3 

2000 Dee RIKEN SCHOOL@Yuzawa 



Why Interesting? 

- pQCD is meaningful 

- Good probe cf gluon 
densities 

c Heavy quarkonia are s..m.alI;l/mqcx ,. &&,._ .;. 
- Use multipole/OPE expansion 

- Good probe of softer gluon 
fields 

2000 Dee 

i -.. - 
2%- 
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Why Interesting? 

l Heavy quarkonia are 
simple gluon source rr~ mT -.-- :-_-..:..7 . . . . i.-~,-c.JYc-~>~~~,-~ . . . . :.. ..t 
- Good theoretical 

framework to study 
small-x physics 

e Q'm spectroscopy on the 

a 

iii 

lattice 'l&b 

l 
l . . 

2000 Dee RIM3 SCHOOL@‘uzawa 



W 
-4 
- 

Why Interesting? 

l Quark Deconf i nement F+J; 4; w:,3T 
4 - Color screenina in dense 

medium--nc b&d St&e/ ----,_. 
r-(r.p) = - kc' ",[l-CJ- ] 0: --u' --c-a 

I" 
- Static, long-range effect 

- at hadronization, too far 
apart for J/\lr 

WlS> Y'(2S) y,(lP> 

&-,[GeV] 0.68 0.35 Q.35 

T/T, 1.2 1 1 

I’ of mesons i’s the Cornel potential 

2000 Dee RIKEN SCIJOOL!g J’uzaiva 
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Q Motivation for C§AA 
- Pair Creation: Rel Quantum effect, fast -1/2m, 

- NR bound state: Internal motions are slow 4/mqa2 

RIKEN SCHOOLQYuzawa 2000 Dee 



Q’m Production Mechanism(CSM) 

l hadro-production in CSM 
T Abusolutely normalized prediction!+ 

gluonic structure! 

i 

*Just a modekfactorization is assumed 
l IR divergence in x-state production 
l Rel. Corr. O(v);...v*-l/3 for w 
*Fails in describinq the data@Tevatron: -t&l X-Q&$-+. 
l h$nen?&o& iS ~hpdk.6f d h;lgh & 

2000 Dee RIKEN SCHOOL@Yuzawa 



Q.‘m Production Mechanism(COM) 

l Why Color Octet? _I --..y.-v-T _y... ,C1*. .-- ‘, 
- Three scales: ’ 

- . -.-. --- _-..- 
mQ >> mqv=rQ$ :> !+I~&=E~Q : 

. 

- on-shell g, k- kc- mqvz . slow, 
g*, k- mqy ko- mqv2 fast, a.nd 

included in the potential. - 

- produce QQs, bound to Q’m 
- IR div in ‘y, can be cancelled 

1 v 

- tiPi:) un know prmeb -- 
2000 Dee RIKEX SCH001,(~3ruza~va 



R5270 

. 

. ..*..... colorsmgk: 

” ” s ” ‘. 1 ” 
IO II. I4 lb 

FIG. 1. Fit of color octet contributions to direct J.‘ti pyoduction 
data from CDF (,I= 1-S TeV, pseudorapidity cut 1 vj<O.6). The 
theoretical curves are obtained with CTEQ4L parton distribution 
functions, the corresponding h4=235-MeV. factorization scale 
/f=(p;i4n1yZ and )?I~= 1.5 GeV. The fitted color octet matrix 
elements are given as the central values in Table I. 

where fi, ,, and fj,lT denote the parton densities and h speci- 
fies the helicity state. At nonvanishing transverse momen- 
tum, the leading partonic subprocesses i + j-t cc[n] + k oc- 
cur at order CY~. To obtain the short-distance cross section for 
a given CC state H, we expand, in the rest frame of the heavy 
quark pair, the partonic amplitude in the relative momentum 
of the heavy quarks and decompose the amplitude in spin 
and color. The amplitude squared for i+j-J#“‘+X can 
now be written as 

4 6 6 I 

I?! 

I: 

FIG. 2. Same as Fig. I for prompi 9’ production. 

try implemented in the decomposition of {O$: . . .); they 
can be found in [6]. For the S=O, L= 0 intermediate state, 
each helicity state contributes one third of the unpolarized 
cross section. For the P wave intermediate state, one must 
first sum over all orbital angular momentum states L, and 
then project with the polarization vector e(h) of the quarko- 
nium. The short-distance coefficients that enter d&ji’[ II] can 
now be written as 

Ajj[11J+Bjj[11][E(x).k,]‘+Cij[n][E(h)’k?]’. 

t-Dij[It][E(h)‘kI][E(X)‘k?_], (4) 

, * “. . .._ 



Q’m Production Mechanism 

- Soft part, process independent? 
+ F;L - 

- Polarization of uj @ high h 
- fi< Y* 

Y,~ production,F++lfi+ly 
u?. khm-j l s’ 4 P.. k@ 

- k, factorizat 
+Fij. 

- Rel. Corr. ? 

- Others? 

ion - I 

2000 Dee RIKEN SCHOOL@ J’uzawa 
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J 

color singlet 4-factorization 
m-eIeas color singlet NLO QCD 

Ii near appr. 

0,Ol 

S Ii2 = 1.8 TeV 
‘E-3. 

I 

Id< 0.6 

-=-**-=** 

-. 
-. l . -. 

-. 
--._ 

lE-4 l.l'l.I.I. I.1 
4 6 8 10 12 14 16 18 

. pt w4 

The transverse momentum differential cross set; 
in cOaparison to the data and a NLO QCD calculation 

E-3 ’ ’ * ’ ’ ’ * ’ * ‘*a ’ * ’ . J 
4 6 8 10 12 Ad 16 18 XI 

FIG. 2. Direct J)Q production 
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vy, q- - 
Quarkonium Interaction 

Sufficiently massive Q’m, AdcO, TT-IT.. 
Small Dipole in Soft External Fields .__ .__- _- _ . ,____ ;ii-- . . . . . -..--. r . . . _-....e.-,--.- I,“.“rv-r--- -.lL~2L;.. ,.,c:.: : A.-_- a._-...-a*- _._-. 

- (vx r)k r=E, because 

- SOFTNeeds < E45 

2000 Dee RIM3 SCHOOLkj J’uzawa 



How to exfracf the info about Q’m Int. 
NB: q" must be small to justify our treatment 

l Ex.1; Q'm-n: ht. 

- Generally, (hJPIh>'not known 

- Use Low Energy Theorem to get an esttmate :. 3 E '- :;-\: 

cL4 4 - Good for elastic scatttering : UK--, 
- - No good for transition, @'-+cDzn: 

f, f 

s Mq - rqQ = o(E~) is our t~w'necle. 

2000 Dee RIKEN SCHOOL@:Yuzawa 



Application; x-9 interactions 

- ii.l/r’v Elastic Cross Section - 

l Chiral symmetry: Low momentum suppression, t2 

& At low energies the x@ interaction i‘s very weak. 

l The cross section is of order, 0.01 *mb; 

d much smaller than the geometrical size of J/u’/. 

. 

z 0.001 

2 
To;! 

O.OOQl 

0.01 

le-05 - 
0 0.1 0.2 0.3 

&M [ cievic 1 

0.4 
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Quarkonia as hard probe 

l Possible QGP signatures 
hard gluons+X-restoration 

ronic back ground) 

color. screening 
1 w/N n, A,) 

of QGP 

ix 
1+ 9 

z 
Y 

l- 9 Q 
* EOS, many Scatterings --+ 

l mass-shift of p 
No direct rel to QGP) 

' size at freeze-out 

. . . 

2000 Dee RIKEN SCHOOL@Yuzawa 



CERM announcement: 

63&t 2-f- 406eV 
-------- ----... , 

4/ &~~ffttyfc) -3.220.3 6eV/f,,,,>' 
',*--"-- -.-..- - .F... .._., .,__, I L 

c---- 
1-- -,___. -m--m.--- .E 

cf- U, Heinz 

-QGP -. 



3 

0 

I 

0 

itnportant signal-tires at CERN-SPS 

- Handron Yield *Tc470MeV-LQCD estimate 
- Global strangeness Enhancement 
- Large enhance.ment ~+fi 

- ‘anomalous’ for Pb+Pb 
0 

- Rho meson modification? 
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l QGP pi,ase : nemal di& of 
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l l&q quarks produced m/y in early sties 

1 t 
n l -. 
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0.7 - 
E866/NuSea 

800 GeV p + A --> J/v 

?IG. 3. cy for the J/T/ 1 versus xp for the three different data 
s (top) and for the J/$J and $J’ after the data sets are com- 
led (bottom). Values are corrected for the pi acceptance, 
discussed in the text. These corrections (Acx j have a maxi- 
Lrn value of 0.06 ancl are shown using the right-hand vertical 
,le in the top panel. The relative systematic uncertainty be- 
Zen cy for the J/$ and $ ’ is estimated to %e 0.003, while 
t absolute systematic uncertainty is 0.01 in cu; neither is in- 
clecl here. The solid curve represents the parameterization 
cussed in the text. 
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A-B 
l Suppression factor . . . A-B . . . 

lO( 
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* ~(200 G&!/C)-A (A - W.U) (N.438) 
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Extrapolation to m; Anomalous Suppression of psi: 

extrapol. of normal supp. 
RI-I --- --- 

. ,* : 

5-t . . 

OC I 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 

E, WV) ET (GeV) 

comover fit 

2 m-mw8 
- m-mswrlhynhrm~ 
l m-mw8*llhUnmm~ ’ 

15 l - 
. 

l Comovers Scinario may be ruled out . . . 

l 2-Step Melting- of psi? (Satz) or ET fluctuation? 

f 
F \ . 
t II) 

1.4 

1.2 

0-cu* E 'i 
Pb-Pb1996 0 

Pt-Pb 1996 (mhbias) A 
PbPb 1998 (mimbias) 0 

5 0.8 
v) 

-$ cn” 0.6 

Number of partkipants 

Does “anomalous” suppression have been established? 
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Final State Effects 

l Check the COM: 

Polarization of J/T) at CDF: negative! 

(ASchiifer et al.) 

0 Comovers . ..surely they are there: I//X 

- thousands of pions 

I No need COM?? 

- pQCD approach...interact weakly (color kPl,, - Hadronic eff. Lag. . . . D-meson esh( range 0. lfm!) 
difFc*ol;t. - Non-ReI quark model . . . OGE + quark exch. 

- Expt’l check? . . . hadronic Pr broadening of ,I/@? 

l screening + gluon dissociation . . ..both should be taken into 

account; Transport Simulation Model by (c.M.K~ et al) 

Initial State Effects 

l parton energy loss, gluon shadowing, . . . 

have to study the production- and interaction of quarkonia ! 

Really a threshold? 

l small ET data ._. will be done 

l change E, A systematically 

l Is there any other obs. which shows the threshold? 
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RIKEN Winter School 
Quarks, Hadrons and Nuclei 

-QCD Hard Processes and the Nucleon Spin- 
December I-52000 

Organization of the School 

International Advisory Committee: 

G. Bunce (RBRC), K. Hagiwara (KEK), K. lmai (Kyoto), M. lshihara (RBRC), 
R. Jaffe (MIT), J. Kodaira (Hiroshima), T. Morii (Kobe), T. Uematsu (Kyoto) 

Organizing Committee: 

T. lchihara (RIKEN/RBRC), H. En’yo (Kyoto), S. Kumano (Saga), Y. Koike 
(Niigata), N. Saito (RIKEN/RBRC, co-chair), T.-A. Shibata (TITECH/RIKEN, co- 
chair), K. Naito (RIKEN), T. Hatsuda (Tokyo), N. Hayashi (RIKEN), K. Yazaki 
(TWCU/RIKEN, co-chair), T. Yamanishi (Fukui), Y. Watanabe (RIKEN/RBRC) 

Lecturers: 

G. Bunce (RBRC), H. Fujii (Tokyo), X.-D. Ji (Maryland), W.-D. Nowak (DESY), 
F. Ukegawa (Tsukuba), M. Wakamatsu (Osaka) 

Tutors: 

T. Hatsuda (Tokyo), N. lshii (RIKEN), J. Kodaira (Hiroshima), K. Naito (RIKEN), 
Y. Yasui (RIKEN) 

Secretary: 

Y.Kishino (RIKEN) 
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RIKEN Winter School 
Quarks, Hadrons and Nuclei 

-QCD Hard Processes and the Nucleon Spin- 
December l-5,2000 

List of the Students of the School 

Abuki, Hiroaki 

Alam, Jan-e 

Bernreuth, Stefan 

Fukushima, Kenji 

Furusawa, Hirofumi 

Hori, Michihiro 

Huang, Han Wen 

Izumi, Etsuko 

Kamihara, Nobuyuki 

Mawatari, Kentaro 

Mineo, Hirofumi 

Morii, Kazushige 

Nagashima, Makiko 

Ohsuga, Hiroshi 

Oyama, Satoshi 

Tanaka, Hidekazu 

Tanaka, Marie 

University of Tokyo, Doctor Course 
abuki@.nt.phys.s.u-tokvo.ac.jD 
University ofTokyo, Postdoctor 
alam@nt.phvs.s.u-tokvo.ac.iD 
Tokyo Institute of Technology, Postdoctor 
bernreut@chiral.nucl.Dhvs.titech.ac.i~ 
University of Tokyo, Doctor Course 
fuku@ntl .c.u-tokvo.ac.ic, 
Niigata University, Master Course 
hiro@nt.sc.niiqata-u.ac.io 
Hiroshima University, Doctor Course 
michi@theo.phvs.sci.hiroshima-u.ac.io 
Kobe University, Postdoctor 
huanahw@radix.h.kobe-u.ac.ip 
Ochanomizu University, Master Course 
g0040501@edu.cc.ocha.ac.i~ 
Tokyo Institute of Technology, Master Course 
kamihara@nucl.phvs.titech.ac.io 
Kobe University, Master Course 
mawatari@radix.h.kobe-u.ac.iP 
University of Tokyo, Doctor Course 
mineo@?nt.phvs.s.u-tokvo.ac.iD 
Hiroshima University, Doctor Course 
moriikz@theo.ohvs.sci.hiroshima-u.ac.io 
Ochanomizu University, Doctor Course 
a0070508@edu.cc.ocha.ac.ir, 
Tokyo Institute of Technology, Master Course 
hiroshi@nucl.phys.titech.ac.io 
Kobe University, Doctor Course 
satoshi@radix.h.kobe-u.ac.ip 
Tokyo Institute of Technology, Master Course 
thide@nucl.phvs.titech.ac.iD 
Hanomizu University, Master Course 
90040513@edu.cc.ocha.ac.i~ 
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Dec. 1 (Fri) 

Dec. 2 (Sat) 

Dec. 3 (Sun) 

Dec. 4 (Mon) 

Dec. 5 (Tue) 

RIKEN Winter School 
Quarks, Hadrons and Nuclei 

-QCD Hard Processes and the Nucleon Spin- 
December 1-5, 2000 

Program of the School 

17:30 Registration 
18:oo Reception 

9:oo - IO:00 Ji(1) 
IO:30 - II:30 Nowak(1) ’ 
Lunch 
13:30 - 14:30 Wakamatsu(1) 
15:00 - 16:00 Bunce( 1) 
16:30 - 17:30 Ukegawa(1) 
Dinner 
20:oo - Discussion 

9:oo - IO:00 Nowak(2) 
IO:30 - 1 I:30 Ji(2) 
Lunch 
13:30 - 14:30 Fujii(1) 
15:00 - 16:00 Ukegawa(2) 
16:30 17:30 Wakamatsu(2) . - 
Banquet 

9:oo - IO:00 
IO:30 - 1 I:30 
Lunch 
Excursion 
Dinner 
20:oo - 

Ji(3) 
Nowak(3) 

Discussion 

9:oo - IO:00 Fujii(2) 
IO:30 - 1 I:30 Bunce(2) 
Lunch 
End of School 
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Pictures 





Additional RIKEN BNL Research Center Proceedings: 

Volume 35 - RIKEN Winter School - Quarks, Hadrons and Nuclei - QCD Hard Processes and the 

Nucleon Spin - BNL- 

Volume 34 - High Energy QCD: Beyond the Pomeron - BNL- 

Volume 33 - Spin Physics at RHIC in Year-l and Beyond - BNL-52635 

Volume 32 - RHIC Spin Physics V - BNL-52628 

Volume 3 1 - RHIC Spin Physics III & IV Polarized Partons at High Q*2 Region - BNL-52617 

Volume 30 - RBRC Scientific Review Committee Meeting - BNL-52603 

Volume 29 - Future Transversity Measurements - BNL-52612 

Volume 28 - Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD - BNL-526 13 

Volume 27 - Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC 

Spin Physics III - Towards Precision Spin Physics at RHIC - BNL-52596 

Volume 26 - Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics - BNL-52588 

Volume 25 - RHIC Spin - BNL-52581 

Volume 24 - Physics Society of Japan Biannual Meeting Symposium on QCD Physics at RIKEN 

BNL Research Center - BNL-52578 

Volume 23 - Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC 

Energies - BNL-52589 

. Volume 22 - OSCAR II: Predictions for RHIC - BNL-52591 

Volume 21 - RBRC Scientific Review Committee Meeting - BNL-52568 

Volume 20 - Gauge:Invariant Variables in Gauge Theories - BNL-52590 

Volume 19 - Numerical Algorithms at Non-Zero Chemical Potential - BNL-52573 

Volume 18 - Event Generator for RHIC Spin Physics - BNL-5257 1 

Volume 17 - Hard Parton Physics in High-Energy Nuclear Collisions - BNL-52574 

Volume 16 - RIKEN Winter School - Structure of Hadrons - Introduction to QCD Hard Processes - 

BNL-52569 

Volume 15 - QCD Phase Transitions - BNL-52561 

Volume 14 - Quantum Fields In and Out of Equilibrium - BNL-52560 

Volume 13 - Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First Anniversary 

Celebration - BNL-66299 

Volume 12 - Quarkonium Production in Relativistic Nuclear Collisions - BNL-52559 

Volume 11 - Event Generator for RHIC Spin Physics - BNL-66116 

Volume 10 - Physics of Polarimetry at RHIC - BNL-65926 

Volume 9 - High Density Matter in AGS, SPS and RHIC Collisions - BNL-65762 

Volume 8 - Fermion Frontiers in Vector Lattice Gauge Theories - BNL-65634 

Volume 7 - RHIC Spin Physics - BNL-65615 

Volume 6 - Quarks and Gluons in the Nucleon - BNL-65234 



Additional RIKEN BNL Research Center Proceedings: 

Volume 5 - Color Superconductivity, Instantons and Parity (Non?)-Conservation at High Baryon 

Density - BNL-65 105 

Volume 4 - Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics - 

BNL-64912 

Volume 3 - Hadron Spin-Flip at CHIC Energies - BNL-64724 

Volume 2 - Perturbative QCD as a Probe of Hadron Structure - BNL-64723 

Volume 1 - Open Standards for Cascade Models for RHIC - BNL-64722 



For information please contact: 

Ms. Pamela Esposito 
RIKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

Ms. Tammy Heinz 
RIKEN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 11973-5000 USA 

Phone: (63 1) 344-3097 
Fax: (63 1) 344-4067 
E-Mail: pespositG?bnl. gov 

(63 1) 344-5864 
(63 1) 344-2562 
theinz@bnl.gov 

Homepage: http://quark.nhv.bnl.aov/www/riken.html 
http://peng;uin.phv.bnl.aov/www/riken.html 
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